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We calculate properties of nuclear giant resonances using Hartree-Fock based 
Random Phase Approximation theory adopting a Skyrme-type effective interaction. 
Centroid energies for isoscalar and isovector giant resonances of multipolarities L = 0-3 
in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb are obtained for 33 interactions found in the 
literature. We compare our theoretical results with experimental data and determine the 
correlation between theoretical centroid energies and each nuclear matter property 
related to each Skyrme interaction. We obtained strong correlations and agreement with 
experimental data for the isoscalar giant monopole and quadrupole resonances and the 
isovector giant dipole resonance (IVGDR). We determined the best range for the 
incompressibility coefficient (KNM = 210-240MeV), the effective mass (m*/m = 0.7-0.9) 
and the enhancement coefficient of the energy weighted sum rule of the IVGDR (κ = 
0.25-0.70). These constraints, valid across a wide range of masses, may be used in a fit 
to develop a new energy density functional with improved predictive power.  
We also performed a similar analysis for two mass regions: A = 90-100 and A = 
44-68. Interest recently arose in these regions when we found significant disagreements 
between experiment and theory for certain isotopes. Therefore, we extended our 
investigation to determine if other interactions agreed with the experimental results. 
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A, Z, N Number of nucleons, protons, and neutrons 
I Isospin: (N-Z)/A 
NM Nuclear matter 
CM Center of mass 
E/A Energy per nucleon at saturation density 
ECEN Centroid energy 
EDF Energy density functional 
EOS Equation of state 
EWSR Energy weighted sum rule 
GR Giant resonance 
HF Hartree-Fock 
RPA Random Phase Approximation 
ISGMR (E0) (T0L0) Isoscalar giant monopole resonance  
ISGDR (E1) (T0L1) Isoscalar giant dipole resonance  
ISGQR (E2) (T0L2) Isoscalar giant quadrupole resonance  
ISGOR (E3) (T0L3) Isoscalar giant octupole resonance  
IVGMR (T1L0) Isovector giant monopole resonance  
IVGDR (T1L1) Isovector giant dipole resonance  




IVGOR (T1L3) Isovector giant octupole resonance 
𝜌0 Saturation density of nuclear matter 
J Symmetry energy coefficient at 𝜌0 
L Related to first derivative of symmetry energy at 𝜌0  
Ksym Related to second derivative of symmetry energy at 𝜌0 
κ Enhancement coefficient of the EWSR of the IVGDR 
KNM Incompressibility coefficient of nuclear matter 
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 INTRODUCTION  
 
 
The collective motion of nucleons (protons and neutrons) in the nucleus have 
remained the subject of experimental and theoretical studies since at least 1960 [1–3] yet 
present still unresolved problems. These studies play a key role in the determination of 
bulk nuclear matter properties which are used to describe for example nuclei, the 
structure and evolution of stars, and heavy-ion collisions [4,5]. In particular, we focus on 
the isoscalar (isospin T = 0) and isovector (isospin T = 1) giant resonances up to 
multipolarity L = 3. For the isoscalar giant resonances protons and neutrons move in 
phase with each other, while for the isovector giant resonances they move in opposite 
phase. The energy position and widths of the giant resonance follow a smooth relation 
with the nucleon number, confirming this motion is indeed due to a coherent 
participation of many nucleons (collective motion). The first observation of giant 
resonances is attributed to Baldwin and Klaiber [6] who obtained a large peak in the 
photo-fission cross-section of U and Th by bombarding targets with gamma rays from a 
100-MeV betatron. This was later recognized as the isovector giant dipole resonance 
(IVGDR). A few decades later, the isoscalar giant quadrupole resonance (ISGQR) was 
found from proton [7] and electron scattering experiments [8]. Subsequently, 




to 0◦ leading to the discovery of the isoscalar giant monopole resonance (ISGMR) in 
144Sm and 208Pb [9]. 
From a theoretical point of view, the nucleus can be described as a system of 
bound nucleons held together by two-body interactions between each pair of nucleons. 
In such an ab initio model the effective interaction is given by the nucleon-nucleon 
potential extracted from nucleon-nucleon scattering experimental data. However, the 
numerical solution of this many-body problem requires advanced computational 
techniques and is currently limited to small systems. At the other end of the scale, 
nuclear properties can be described by macroscopic models (like the liquid drop model). 
However, while these models are good for describing average trends of nuclear binding 
energies, they are often augmented with ad hoc corrections which makes them not 
reliable for extrapolating properties of exotic nuclei. Therefore, in this work we concern 
ourselves with the mean field approach which lies between these two extremes. Within 
this model, the nucleon is viewed as being held inside a potential-well created by the 
effective interaction of all the other nucleons. However, an exact expression of the 
energy density functional (EDF) associated with two-body interaction is generally not 
known. Therefore, one must determine the parameters of the EDF with fits to 
experimental data. Today mean-field calculations are usually carried out using either 
Skyrme’s interaction [10], the Gogny force [11] or with the relativistic mean-field 
model [12]. 
In chapter II we present the Hartree-Fock (HF) equations using a Skyrme-type 




interest, followed by the random phase approximation (RPA) to determine the strength 
functions and centroid energies. We note that since the original formulation of the 
effective two-body Skyrme interaction in 1956 by Skyrme [10] and the improvements 
made by Vautherin and Brink [13], who carried out the first fully self-consistent mean 
field HF calculations with a Skyrme-type interaction, hundreds of Skyrme 
parametrizations have been published by fitting different sets of data geared to reproduce 
particular physical phenomena. Efforts have been made to sift through this myriad of 
interactions in order to determine the best interactions at describing a variety of physical 
effects [14]. These interaction, and their associated nuclear matter properties, can be 
used as constraints for the development of even better interactions. For the spherical HF-
RPA calculations performed in this work we employ 33 commonly adopted Skyrme type 
interactions of the standard form associated with a broad range of Nuclear Matter (NM) 
properties. We then determined the Pearson linear correlation coefficient between each 
NM properties. We also employ the Pearson linear correlation coefficient to investigate 
the sensitivity of the calculated centroid energy of giant resonances to the NM properties 
of the interactions used in the calculations in order to determine constraints on NM 
properties. This is a well-established method in the literature and attempts have been 
made to constrain properties such as the incompressibility coefficient of NM and the 
symmetry energy as a function of the density [4,15–17].  
 In chapter III we study the isoscalar and isovector L = 0 - 3 centroid energies 
across a wide range of spherical nuclei including 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 




with the existing experimental data. We determined the sensitivity of nuclear matter 
properties to the calculated centroid energy, ECEN, by calculating the Pearson linear 
correlation coefficient between them. For the ECEN of the isoscalar giant monopole 
resonance (ISGMR) we find strong correlation with the incompressibility coefficient, 
KNM, as well as good agreement with experimental data. Similarly, for the ECEN of the 
isoscalar giant quadrupole resonance (ISGQR) and the nucleon effective mass, m*/m, 
and for the ECEN of the isovector giant dipole resonance (IVGDR) and the energy 
weighted sum rule (EWSR) enhancement coefficient for the IVGDR, κ, we obtain strong 
correlation and good agreement with experiment. This allows us to determine constraints 
on the values of KNM, m*/m and κ that can be included in a fit to obtain the parameters 
of a modern energy density functional (EDF) with improved predicting power. We note 
that the constraints obtained for KNM and κ may depend on the specific form of the 
interactions adopted. However, investigations adopting different models of the nucleon-
nucleon interaction confirmed the correlation between the ISGMR ECEN and KNM [18]. 
The relation between the ECEN of the ISGQR and the effective mass arises because m*/m 
influences the distance between nuclear shells and therefore the response function. 
Recently, the isoscalar giant resonance region of 92,94,96,98,100Mo [19,20] and 
90,92,94Zr [21] was investigated using inelastic scattering of 240-MeV α particles from the 
K-500 superconducting cyclotron at Texas A&M University (TAMU). The obtained 
strength distributions and centroid energies were compared to results of Hartree-Fock 
based random phase approximation calculations (HF-RPA) using the KDE0v1 [22] 




measured and the calculated centroid energy as well as with the shape and magnitude of 
the strength distributions. In chapter IV we extend our theoretical investigation to 
include an additional 32 interactions to further study these discrepancies as well as the 
isovector resonances L = 0 - 3. Additionally we compare our calculated centroid 
energies of the ISGMR with the experimental data from the Research Center for Nuclear 
Physics (RCNP) at Osaka University (Osaka, Japan) [23]. Like in chapter III, we 
investigate the sensitivity of the calculated values of ECEN to NM values by determining 
the corresponding Pearson linear correlation coefficients and obtain very similar results. 
Following the template of chapter III and IV, we study in chapter V the isoscalar 
and isovector giant resonances L = 0 - 3 for 44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni by 
comparing results of HF-RPA calculations using 33 Skyrme interactions to experimental 
data. The motivation for this study arose following our investigations [24,25] in which 
we found significant discrepancies between the experimental data of the isoscalar 
resonances obtained at TAMU and the results of the calculations using the KDE0v1 
interaction for 44Ca, 54Fe, 64,68Zn. We also investigate the sensitivity of the centroid 
energy to nuclear matter properties by determining the Pearson linear correlation 
coefficients and we found slightly lower correlations for these light nuclei. We present 









SPHERICAL HARTREE-FOCK BASED RANDOM  
PHASE APPROXIMATION FORMALISM OF GIANT  




 In this study we carry out numerical calculations of properties of nuclear giant 
resonances using Hartree-Fock based random phase approximation theory. In order to 
solve the HF equations, we adopt a Skyrme-type interaction of the standard form (10-
parameters) for the effective nucleon-nucleon interaction.  The parameters of the Skyrme 
interaction are commonly obtained by fitting results of HF calculations of nuclear 
ground state properties of several nuclei, including binding energies and radii, to 
experimental results. The HF equations are solved through iteration leading to the 
ground state wave-functions. The random phase approximation is then carried out with 
the particle-hole interaction obtained from the Skyrme interaction leading to the 
determination of the strength functions and centroid energies of the giant resonances. 
Details of the numerical method employed to solve the RPA can be found in [26–28]. In 
our calculations we include all the terms of the effective interactions in both the HF and 
the RPA calculations to ensure self-consistency. We ensured that in our calculations the 
energy of the spurious state of the isoscalar dipole, which arises from the centre of mass 





 The origins of the Hartree-Fock method date back to the 1920s. Shortly after the 
formulation of Schrodinger’s equations, Hartree approximated the many-body wave-
function as a product of single-particle wave-functions and calculated the wave-
functions and energies of atoms within the “self-consistent field” method he 
developed [29]. Subsequently, Slater showed that the Hartree method could also be 
obtained by applying a variational principle to a trial wave function obtained from the 
product of single-particle wave-functions [30]. Further developments came in 1930 
when both Slater and Fock realized that the Hartree method, which used the Pauli 
exclusion principle to forbid two electrons from occupying the same quantum 
state [31,32], didn’t respect quantum statistics (i.e. particles are indistinguishable from 
one another). The solution was found by adopting a Slater determinant, composed of 
one-particle orbits, which ensures that the total wave function is anti-symmetrized. 
Consequently, with the advent of the first electronic computers in the 1950s, the HF 
method has been applied to many fields of physics. Simply put, within the HF 
approximation, the ground state wave-function of the A-nucleon system of interacting 
particles is given by non-interacting particles inside a mean-field. In order to determine 
the wave-function one must then minimize the expectation value of the total 
Hamiltonian.  
 In this work we approximate the A-nucleon wave function Φ with the product of 




indistinguishable fermions the total wave function must be anti-symmetric, therefore a 





𝜙1(𝑟1, 𝜎1, 𝜏1) ⋯ 𝜙𝑖(𝑟1, 𝜎1, 𝜏1)
⋮ ⋱ ⋮
𝜙1(𝑟𝑖, 𝜎𝑖, 𝜏𝑖) ⋯ 𝜙𝑖(𝑟𝑖, 𝜎𝑖, 𝜏𝑖)
]. (2.1) 
In Eq. (2.1) the coordinates of the i-th nucleon 𝑟𝑖 and 𝜎𝑖 represent the spacial and spin 
components, while the isospin is given by 𝜏𝑖 =
1
2
 for protons and 𝜏𝑖 = −
1
2
 for neutrons. 
The total Hamiltonian for the nucleus is given by the sum of kinetic plus potential 
energies:  
 𝐻 = 𝑇 + ∑ 𝑉𝑖𝑗
𝐴
𝑖<𝑗 + 𝑉𝐶𝑜𝑢𝑙, (2.2) 
where  













𝑖<𝑗   (2.3) 
are the kinetic and Coulomb terms, respectively. For the two-body interaction, Vij, we 
use a standard (10-parameter) Skyrme-type effective nucleon-nucleon potential [33]:  
𝑉𝑖𝑗 = 𝑡0(1 + 𝑥0𝑃𝑖𝑗





2 𝛿(𝑟𝑖 − 𝑟𝑗) + 𝛿(𝑟𝑖 − 𝑟𝑗)𝑘 ⃗ 𝑖𝑗
2 ] 
+ 𝑡2(1 + 𝑥2𝑃𝑖𝑗







) 𝛿(𝑟𝑖 − 𝑟𝑗) (2.4) 
+𝑖𝑊0?⃖? 𝑖𝑗𝛿(𝑟𝑖 − 𝑟𝑗)(?⃗?1 + ?⃗?2) × 𝑘 ⃗ 𝑖𝑗  . 
In Eq. (2.4) 𝑃𝑖𝑗
𝜎 denotes the spin exchange operator, ?⃗?𝑖 is the Pauli spin operator, and the 
momentum operators are given by 𝑘 ⃗ 𝑖𝑗 = −𝑖(∇ ⃗ 𝑖 − ∇ ⃗ 𝑗)/2 and ?⃖? 𝑖𝑗 = −𝑖(∇⃖ 𝑖 − ∇⃖ 𝑗)/2. The 
direction of the arrow indicates the direction the momentum operator acts on. 𝑡𝑛 , 𝑥𝑛, 𝑊0 




proportional to 𝑡0 represents a 𝛿-force with a spin exchange, the 𝑡1 and 𝑡2 terms are the 
effective range parts, the 𝑡3 term approximates the three-body force and the last term, 
multiplying 𝑊0, gives a two-body spin orbit interaction. 
The local energy density, 𝐻𝑆𝑘𝑦𝑟𝑚𝑒, can be obtained from the matrix element of 
𝑉𝑖𝑗 and the wave-function given in Eq. (2.1): 
     ⟨Φ|𝑉𝑖𝑗|Φ⟩ = ∫ 𝐻𝑆𝑘𝑦𝑟𝑚𝑒 𝑑
3𝑟       (2.5) 
leading to [13]: 




2 − (2𝑥0 + 1)(𝜌𝑝
2 + 𝜌𝑛
2)]  





2 − (2𝑥3 + 1)(𝜌𝑝
2 + 𝜌𝑛
2)]  
      +
1
8
[𝑡1(2 + 𝑥1) + 𝑡2(2 + 𝑥2)]𝜏𝜌  
       +
1
8
[𝑡2(2𝑥2 + 1) − 𝑡1(2𝑥1 + 1)](𝜏𝑝𝜌𝑝 + 𝜏𝑛𝜌𝑛)  
      +
1
32
[3𝑡1(2 + 𝑥1) − 𝑡2(2 + 𝑥2)](∇ ⃗ 𝜌)
2
 
                   −
1
32
[3𝑡1(2𝑥1 + 1) + 𝑡2(2𝑥2 + 1)] [(∇ ⃗ 𝜌𝑝)
2
+ (∇ ⃗ 𝜌𝑛)
2
] 
     +
𝑊0
2
[𝐽 ∙ ∇ ⃗ 𝜌 + 𝑥𝑤(𝐽𝑝   ⃗ ∙ ∇ ⃗ 𝜌𝑝 + 𝐽𝑛   ⃗ ∙ ∇ ⃗ 𝜌𝑛)]  









2) .   (2.6) 
Eq. (2.6) is given as a function of the Skyrme parameters, the total nucleon density 𝜌 =
𝜌𝑝 + 𝜌𝑛, the total kinetic energy density 𝜏 = 𝜏𝑝 + 𝜏𝑛 and the total spin current density  
𝐽 = 𝐽𝑝   ⃗ + 𝐽𝑛   ⃗  . 





 𝐸 = ∫ (𝐾(𝑟) + 𝐻𝑆𝑘𝑦𝑟𝑚𝑒(𝑟) + 𝐻𝐶𝑜𝑢𝑙(𝑟)) 𝑑
3𝑟.        (2.7) 
The kinetic energy term is given by: 






𝜏𝑛(𝑟) .       (2.8) 
In Eq. (2.7), the Coulomb contribution is given by the direct plus the exchange 
components [35]: 
 𝐻𝐶𝑜𝑢𝑙(𝑟) = 𝐻𝐶𝑜𝑢𝑙
𝑑𝑖𝑟 (𝑟) + 𝐻𝐶𝑜𝑢𝑙










𝑑3𝑟′ ,  (2.10) 
and  
 𝐻𝐶𝑜𝑢𝑙








 .  (2.11) 
 The nucleon density, kinetic energy density and spin current density are obtained from:  
 𝜌𝜏(𝑟) = ∑ ∑ 𝜙𝑖
∗(𝑟, 𝜎, 𝜏)𝜙𝑖(𝑟, 𝜎, 𝜏)𝜎
𝐴
𝑖=1  𝜌(𝑟) = ∑ 𝜌𝜏(𝑟)𝜏  (2.12) 
 𝜏𝜏(𝑟) = ∑ ∑ ∇ ⃗ 𝜙𝑖
∗(𝑟, 𝜎, 𝜏)∇ ⃗ 𝜙𝑖(𝑟, 𝜎, 𝜏)𝜎
𝐴
𝑖=1  𝜏(𝑟) = ∑ 𝜏𝜏(𝑟)𝜏  (2.13) 
 𝐽𝜏(𝑟) = −𝑖 ∑ ∑ 𝜙𝑖
∗(𝑟, 𝜎, 𝜏)[∇ ⃗ 𝜙𝑖(𝑟, 𝜎′, 𝜏) × ⟨𝜎|?⃗?|𝜎′⟩]𝜎𝜎′
𝐴
𝑖=1  𝐽(𝑟) = ∑ 𝐽𝜏(𝑟)𝜏  (2.14) 
where the subscript 𝜏 = 𝑝 or 𝑛 and in the summation A = Z or N, for protons or 
neutrons, respectively. 
 We can now apply the variational method 




with the condition of conservation of nucleon number, ∑ ∫ 𝜌𝜎,𝜏𝜎,𝜏 𝑑𝑟 = 𝐴. We denote 
the variations in the nucleon, kinetic energy and spin current densities by the 𝛿 prefix; 




(𝐸 − ∑ 𝑖 ∫ 𝜌𝜎,𝜏𝜎,𝜏 𝑑𝑟) = 0 , (2.16) 




𝛿𝜏𝜎,𝜏(𝑟) + 𝑈𝜏(𝑟)𝛿𝜌𝜎,𝜏(𝑟) + 𝑊𝜏(𝑟)𝛿𝐽𝜎,𝜏(𝑟))𝜎,𝜏 𝑑𝑟. (2.17) 
In Eq. (2.17), 𝑚𝜏
∗(𝑟) is the nucleon effective mass, 𝑈𝜏(𝑟) is the central potential, and 
𝑊𝜏(𝑟) represents the spin-orbit potential. These can be written using equations (2.12) to 
(2.14) together with the parameters of the Skyrme interaction: 










[𝑡1(2 + 𝑥1) + 𝑡2(2 + 𝑥2)]𝜌(𝑟) 
                                  −
1
8
[𝑡1(1 + 2𝑥1) − 𝑡2(1 + 2𝑥2)]𝜌𝜏(𝑟), (2.18) 
𝑈𝜏(𝑟) = 𝑡0 (1 +
𝑥0
2
) 𝜌(𝑟) − 𝑡0 (
1
2
+ 𝑥0) 𝜌𝜏(𝑟) +
1
8
[𝑡1(2 + 𝑥1) + 𝑡2(2 + 𝑥2)]𝜏(𝑟) 
       −
1
8























[3𝑡1(1 + 2𝑥1) + 𝑡2(1 + 2𝑥2)]∇ ⃗
2𝜌𝜏(𝑟) 
      −
1
2








       𝑊𝜏(𝑟) =
1
2
𝑊0(∇ ⃗ 𝜌(𝑟) + ∇ ⃗ 𝜌𝜏(𝑟)) +
1
8
(𝑡1 − 𝑡2)𝐽𝜏(𝑟) −
1
8
(𝑡1𝑥1 − 𝑡2𝑥2)𝐽(𝑟).  (2.20) 




 𝛿𝜙𝑖̅(𝑟, 𝜎, 𝜏) = −2𝜎𝛿𝜙𝑖
∗(𝑟, −𝜎, 𝜏)    (2.21) 
leading to the following simplifications for the variations of the nucleon, kinetic and spin 
current densities [13]: 
 𝛿𝜏𝜎,𝜏(𝑟) = 2 ∑ ∇ ⃗ 𝛿𝜙𝑖
∗(𝑟, 𝜎, 𝜏) ∙ ∇ ⃗ 𝜙𝑖(𝑟, 𝜎, 𝜏)𝑖,𝜎  (2.22) 
 𝛿𝜌𝜎,𝜏(𝑟) = 2 ∑ 𝛿𝜙𝑖
∗(𝑟, 𝜎, 𝜏)𝜙𝑖(𝑟, 𝜎, 𝜏)𝑖,𝜎  (2.23) 
 𝛿𝐽𝜎,𝜏(𝑟) = −2𝑖 ∑ 𝛿𝜙𝑖
∗(𝑟, 𝜎1, 𝜏)∇ ⃗ 𝜙𝑖(𝑟, 𝜎2, 𝜏)𝑖,𝜎1,𝜎2 × ⟨𝜎1|?⃗?|𝜎2⟩. (2.24) 
Substituting Eqs. (2.22) to (2.24) and by introducing the Lagrange multipliers, 𝑖 (i = 1, 
…, A), into Eq. (2.17) along with the constraints discussed above, we have: 
 ∑ ∫ 𝛿𝜙𝑖




∇ ⃗ 𝜙𝑖(𝑟, 𝜎1, 𝜏)∇ ⃗ + 𝑈𝜏(𝑟)𝑖,𝜎1 𝜙𝑖(𝑟, 𝜎1, 𝜏) 
 −𝑖𝑊𝜏(𝑟) ∑ ∇ ⃗ × ⟨𝜎1|?⃗?|𝜎2⟩𝜙𝑖(𝑟, 𝜎2, 𝜏) − 𝑖𝜙𝑖(𝑟, 𝜎1, 𝜏)]𝑑𝑟 = 0𝜎2 . (2.25) 
This simplifies further because the variation 𝛿𝜙𝑖
∗(𝑟, 𝜎1, 𝜏) = 0, leading to: 




∇ ⃗ 𝜙𝑖(𝑟, 𝜎1, 𝜏)∇ ⃗ + 𝑈𝜏(𝑟)𝑖,𝜎1 𝜙𝑖(𝑟, 𝜎1, 𝜏) 
 −𝑖𝑊𝜏(𝑟)∑ ∇ ⃗ × ⟨𝜎1|?⃗?|𝜎2⟩𝜙𝑖(𝑟, 𝜎2, 𝜏) − 𝑖𝜙𝑖(𝑟, 𝜎1, 𝜏)𝜎2 ]𝑑𝑟 = 0. (2.26) 





∇ ⃗ + 𝑈𝜏(𝑟) − 𝑖𝑊𝜏(𝑟)(∇ ⃗ × ?⃗?)] 𝜙𝑖(𝑟, 𝜎, 𝜏) = 𝑖𝜙𝑖(𝑟, 𝜎, 𝜏) . (2.27) 
Solving Eq. (2.27) we obtain the single particle wave-functions, 𝜙𝑖(𝑟, 𝜎, 𝜏), and 
corresponding energy, 𝑖, for all the A-nucleons which leads to the determination of the 
total ground state wave function, Φ. In order to calculate the energy of the ground state 
of a finite nucleus, we must subtract the contribution of the center of mass motion from 








|Φ⟩.    (2.28) 
where 𝑃 = −𝑖ℏ ∑ ∇𝑖𝑖  is the total linear momentum operator. Note that in general one 
should also account for the energy of rotation of the total system, however this 
contribution vanishes if systems are treated within the spherical approximation (as we 
do). 
The single particle wave function, 𝜙𝑖, for the case of a spherical closed-shell 
nucleus, using spherical coordinate can be written as: 
 𝜙𝑖(𝑟, 𝜎, 𝜏) =
𝑅𝛼(𝑟)
𝑟
𝑌𝑗𝑙𝑚(?̂?, 𝜎)𝜒𝑚𝜏(𝜏). (2.29) 
In Eq. (2.29), 𝛼 = 𝑛, 𝑗, 𝑙, 𝑚𝜏, where 𝑛 represents the principal quantum number, 𝑗 
is the angular momentum number and its z-projection 𝑚, 𝑙 is the orbital momentum 
number and the z-projection of the isospin is 𝑚𝜏. The second component of Eq. (2.29) 
are the spinor spherical harmonics, given by: 
 𝑌𝑗𝑙𝑚(?̂?, 𝜎) = ∑ ⟨𝑙
1
2
𝑚𝑙𝑚𝑠|𝑗𝑚⟩𝑚𝑙𝑚𝑠 𝑌𝑙𝑚𝑙(?̂?)𝜇𝑚𝑠(𝜎), (2.30) 
where 𝜇𝑚𝑠(𝜎) = 𝛿𝜎,𝑚𝑠 are the eigenfunctions of the z-projections of the spin operators, 
respectively. The third component of Eq. (2.29), 𝜒𝑚𝜏(𝜏) = 𝛿𝜏,𝑚𝜏 , are the eigenfunctions 
of the isospin wave-functions. 
Plugging in the orthogonality condition: 
    ∑ 𝑌𝑗𝑙𝑚
∗ (?̂?, 𝜎)𝑌𝑗𝑙𝑚(?̂?, 𝜎)𝑚 =
2𝑗+1
4𝜋
,    (2.31) 
into equations (2.12) and (2.13) for the nucleon and kinetic energy densities, 




   𝜌𝜏(𝑟) = 𝜌𝜏(𝑟) =
1
4𝜋𝑟2
∑ (2𝑗𝛼 + 1)𝑛,𝑗𝛼,𝑙 𝑅𝛼
2(𝑟),     (2.32) 
  𝜏𝜏(𝑟) = 𝜏𝜏(𝑟) =
1
4𝜋









2(𝑟)].  (2.33) 
Using Eq. (2.14), we can rewrite the spin current density 𝐽𝜏(𝑟) as: 









     (2.34) 







𝑖=1 (𝑟, 𝜏)(l⃗ 𝑠)𝜙𝑖
 (𝑟, 𝜏)] 𝑟 = 𝐽𝜏(𝑟)𝑟,  (2.35) 









Substituting the wave-function of Eq. (2.29) into the set of non-linear equations for the 































𝑊𝜏(𝑟)] 𝑅𝛼(𝑟) = 𝛼𝑅𝛼(𝑟), (2.37) 
where 𝛼 represents the single particle energies. The effective mass, the potential and the 
spin-orbit potential are obtained from Eqs. (2.18) to (2.20) after substituting the spherical 
equations given in (2.32) to (2.36). The A-coupled HF equations are solved by iteration. 
One starts from an educated guess of the initial set of single particle orbits 𝜙𝑗(𝑟), for 
example a Wood-Saxons wave function, and then the HF equations are solved for a new 
set of 𝜙𝑖(𝑟) until convergence is attained. This iterative process leads to the 




state properties of nuclei and as a basis for further calculation of the excited nucleus 
using various methods (for example the random phase approximation).  
 
 
Random Phase Approximation 
We first derive the RPA equations using the equation of motion method 




respectively, defined by: 
     |𝜈⟩ = 𝑄𝜈
†|0⟩  and  𝐻|𝜈⟩ = 𝐸𝜈|𝜈⟩   (2.38) 
such that:     𝑄𝜈
† =  |𝜈⟩⟨0|,     (2.39) 
allows us to write the equation of motion (EOM) from the Schrodinger equation:  
    [𝐻, 𝑄𝜈
†]|0⟩ = (𝐸𝜈 − 𝐸0)𝑄𝜈
†|0⟩.   (2.40) 
Next, we multiply Eq. (2.40) from the left by an arbitrary state ⟨0|𝛿𝑄: 
   ⟨0| [𝛿𝑄, [𝐻, 𝑄𝜈
†]] |0⟩ = (𝐸𝜈 − 𝐸0)⟨0|[𝛿𝑄, 𝑄𝜈
†]|0⟩.  (2.41) 
Within the RPA formalism the excited states are limited to 1p-1h excitations. Therefore, 
the general vibration creation operator has the following form:  
   𝑄𝜈








𝑚𝑖 ,   (2.42) 
where the indices 𝑚 and 𝑖 are used to label the particle and hole states, respectively, of 
the (Hartree-Fock) mean field. This operator creates and destroys ph pairs, therefore, 
when applied to the RPA ground state, |𝑅𝑃𝐴⟩, it satisfies:  




while for an excited state we have: 
     |𝜐⟩ = 𝑄𝜈
†|𝑅𝑃𝐴⟩.    (2.44) 
Unlike the simpler Tamm-Dancoff approximation, in which 𝑌𝑚𝑖
𝜈 = 0 in Eq. (2.42), for 
the case of the RPA method we have two column matrices,  𝑋𝑚𝑖
𝜈  and 𝑌𝑚𝑖
𝜈 , for the general 
vibration creation operator. Therefore, we obtain two sets of equations:  
  ⟨𝑅𝑃𝐴| [𝑎𝑖
†𝑎𝑚
 , [𝐻, 𝑄𝜈




  ⟨𝑅𝑃𝐴| [𝑎𝑚
† 𝑎𝑖
 , [𝐻, 𝑄𝜈




In Eq. (2.45) ℏΩ𝜐 is the excitation energy, 𝐸𝜈 , of the state |𝜐⟩; for the ground 
state, |𝑅𝑃𝐴⟩, one generally uses the HF ground state in the so-called “quasi-boson” 
approximation. This approximation is possible because the correlated ground state does 
not differ very much from the Hartree-Fock ground state yet leads to significant 














 ]|𝐻𝐹⟩ = 𝛿𝑖𝑗𝛿𝑚𝑛.   (2.46) 
Note that the RPA-terms on the left-hand side of Eq. (2.46) are clearly different from the 
HF-terms on the right, however they enter with a “random phase” that cancels out. Using 
(𝑋𝜈)𝑚𝑖 = 𝑋𝑚𝑖
𝜈 , (𝑌𝜈)𝑚𝑖 = 𝑌𝑚𝑖
𝜈 , allows us to rewrite Eq. (2.45) in compact form:  












).    (2.47) 
The matrices A and B are given by [37]: 
 𝐴𝑚𝑖,𝑛𝑗 = ⟨𝐻𝐹| [𝑎𝑖
†𝑎𝑚
 , [𝐻, 𝑎𝑛




 𝐵𝑚𝑖,𝑛𝑗 = −⟨𝐻𝐹| [𝑎𝑖
†𝑎𝑚
 , [𝐻, 𝑎𝑗
†𝑎𝑛]] |𝐻𝐹⟩ = ⟨𝑚𝑛|𝑉𝑟𝑒𝑠|𝑖𝑗⟩ , (2.49) 
where 𝜖𝑚 and  𝜖𝑖 are single particle energies of the Hartree-Fock ph states. The ph 
coupled matrix elements of the residual interaction, 𝑉𝑟𝑒𝑠, are obtained from the total 
Skyrme energy density functional (which includes the kinetic, Skyrme and Coulomb 
contributions). We note that the RPA equations may also be derived from the self-
consistent method based on the coordinate-like 𝑄𝑛 (time-even) and momentum-like 𝑃
𝑛 
(time-odd) ph-operators. Our numerical calculations follow the Q-P representations, 
further details can be found in Refs. [26–28]. 
Once the RPA states, |𝜈⟩, of energy 𝐸𝜈 have been determined we can proceed to 
calculate the strength function, S(E), using:  
 𝑆(𝐸) = ∑ |⟨0|𝐹𝐿|𝜈⟩|
2𝛿(𝐸𝜈 − 𝐸0)𝜈 . (2.50) 
In Eq. (2.50) the single particle scattering operator 𝐹𝐿 is given by:  
 𝐹𝐿 = ∑ 𝑓(𝑟𝑖)𝑌𝐿0(𝑖)𝑖  , (2.51) 







∑ 𝑓(𝑟𝑝)𝑌𝐿0(𝑝)𝑝   (2.52) 
for the isovector cases (T = 1). The different multipolarities determine the operator 𝑓(𝑟): 
for the IVGDR we have 𝑓(𝑟) = 𝑟, while for the ISGDR we use 𝑓(𝑟) = 𝑟3 −
(5 3⁄ )〈𝑟2〉𝑟, where we have subtracted the contribution from the spurious state 
mixing [38,39]. The operator 𝑟2 is used in the case of the isoscalar and isovector 




and isovector octopole (L = 3) excitations. From the integration of the strength function, 
S(E), we can determine the energy moments: 




𝑑𝐸 , (2.53) 
where E1 and E2 are the excitation energy limits. The centroid energy of the giant 
resonance is determined from the following relation: 
    ECEN =
𝑚1
𝑚0
 .    (2.54) 
We note that for E1 = 0 and E2 = ∞, the first energy moment, 𝑚1, of the isoscalar 
operator 𝐹𝐿 may also be directly obtained from the HF ground state wave function:  








𝜌(𝑟)4𝜋𝑟2𝑑𝑟 , (2.55) 
thus leading to an energy weighted sum rule (EWSR) [1,40]. In Eq. (2.55) 𝜌(𝑟) is the 
ground state density obtained from the HF while 𝑔𝐿(𝑟) depends on the multipolarity, L, 
and its relative operator 𝑓(𝑟): 










 . (2.56) 
The isovector EWSR is related to Eq. (2.56) by:  
 𝑚1(𝐿, 𝑇 = 1) =
𝑁𝑍
𝐴2
𝑚1(𝐿, 𝑇 = 0)[1 + 𝜅 − 𝜅𝑛𝑝] , (2.57) 
where κ is an enhancement factor due to the momentum dependence of the effective 
nucleon-nucleon interaction given for the standard Skyrme-type interaction Eq. (2.4) by: 
  𝜅 =
(1 2⁄ )[𝑡1(1+𝑥1 2⁄ )+𝑡2(1+𝑥2 2⁄ )]









while the correction factor 𝜅𝑛𝑝 arising from the small differences between the neutron 
and proton densities, or in other words because 𝜌𝑛(𝑟) − 𝜌𝑝(𝑟) ≠
𝑁−𝑍
𝐴










 . (2.59) 
 
 
Skyrme Interactions and Nuclear Matter Properties 
 The popularity of the Skyrme-type interaction is due in part to the great 
simplification it brings to the calculations thanks to it being a contact interaction (i.e. a 
delta function multiplying every term) while still yielding results in agreement with 
experimental data. However, hundreds of parameterizations of the Skyrme interactions 
have been developed since its first inception. These parameters are generally obtained 
from fits to sets of experimental data and are fine tuned to reproduce certain physical 
phenomena; unfortunately, these parameterizations however lead to different values for 
properties of nuclear matter. 
 The equation of state (EOS) of symmetric nuclear matter (i.e. N=Z) can be 
expanded around saturation density, ρ0, as: 


















where E0[ρ] is the binding energy per nucleon and KNM is the incompressibility 







. A similar expansion can be done for asymmetric nuclear matter (i.e. N≠Z), 
leading to the EOS of asymmetric NM: 






where Esym[ρ] is the symmetry energy at matter density ρ, while proton and neutron 
density are denoted by ρp and ρn, respectively. The symmetry energy can in turn be 
expanded around saturation density ρ0: 

























are related to the first and second derivatives of 
the symmetry energy, respectively. 
The properties of nuclear matter can be expressed in terms of the parameters of 
the Skyrme interactions. Details of the derivation can be found in [14]. Denoting 𝛽 =

















8 3⁄ = 0 (2.64) 
while the binding energy per particle and the effective mass are related to the Skyrme 

































We can obtain the Fermi momentum, 𝑘𝑓
 , at saturation density using: 






 = 0.                         (2.67) 





3  into (2.65), we derive:  























= 0           (2.68) 
Similarly, the incompressibility coefficient, can be obtained from: 









2                            (2.69) 
which, in terms of the Skyrme parameters, becomes: 
























.              (2.70) 
The symmetry energy coefficients J, L and Ksym, as well as the isovector dipole 
enhancement factor of the EWSR, 𝜅, are given in terms of the saturation density and the 
Skyrme parameters by:  







𝑡0(2𝑥0 + 1)ρ0 +
1
24















𝑡0(2𝑥0 + 1)ρ0 +
5
24






𝑡3(2𝑥3 + 1)(𝛼 + 1)ρ0
𝛼+1, (2.72) 





















[𝑡1(2 + 𝑥1) + 𝑡2(2 + 𝑥2)]ρ0. (2.74) 





























.       (2.75) 
 
 
Details of the Numerical Calculations 
 In the following chapters we will show centroid energies, ECEN, for the isoscalar 
(T = 0) and isovector (T = 1) giant resonances of multipolarity L = 0 to 3 for several 
nuclei, calculated within the fully self-consistent Hartree-Fock (HF)-based random phase 
approximation (RPA) theory described above. We use the following parametrizations of 
Skyrme-type interactions: SGII  [41], KDE0 [22], KDE0v1 [22], SKM∗ [42], 
SK255 [18], SkI3 [43], SkI4 [43], SkI5 [43], SV-bas [44], SV-min [44], SV-sym32 [44], 
SV-m56-O [45], SV-m64-O [45], SLy4 [46], SLy5 [46], SLy6 [46], SkMP [47], 
SkO [48], SkO’ [48], LNS [49], MSL0 [50], NRAPR [51], SQMC650 [52], 
SQMC700  [52], SkT1 [53], SkT2 [53], SkT3 [53], SkT8 [53], SkT9 [53], SkT1* [53], 
SkT3* [53], Skxs20 [54] and Zσ [55]. The parameters of all the Skyrme interactions are 
shown in Table 1 while the conditions for employing the interactions are given in Table 
2. These interactions cover a wide range of nuclear matter properties as can be seen from 
Table 3 and Figure 1. 
 We calculate the strength distribution within the HF-RPA employing the Skyrme 




between them. We also performed some simulations with different sized boxes to ensure 
our choice didn’t affect our results. For the case of nuclei which aren’t closed-shell we 
used the “occupation-number approximation” for the single-particle orbits to carry out 
our calculations (i.e. the particles where separated across multiple orbits to minimize the 
single particle energy and to simulate the effect of pairing).  
 For the calculation of the centroid energy we determined the integration energy 
limits from the relative strength function or, where available, we used the same 
integration range that was used for determining the experimental data. When integrating 
the strength function to determine the energy moment we choose a value of γ = 0.1 MeV 
for the Lorentzian smearing parameter. 
 In order to study the sensitivity of the centroid energy to the values of NM 
properties associated with each interaction we determined the Pearson linear correlation 










                 (2.76) 
where ?̅? and ?̅? are the averages of the two quantities x and y and n=33 is the number of 
interactions. Based on our sample size we classify the correlations as [56]: strong (|C| >
0.80), medium (|C| = 0.61 − 0.80), weak (|C| = 0.35 − 0.61) and no correlation (|C| <
0.35).  
In Table 4 the calculated Pearson linear correlation coefficient between different sets of 
NM properties is shown. We point out the weak correlation between KNM and m*/m, the 




weighted sum rule (EWSR) of the IVGDR, κ, and the varying degrees of correlation 




Table 1 Parameters of the Skyrme interactions. Units are: t0 (MeV fm
3), t1 (MeV fm
5), t3 
(MeV fm3(α+1)), W0 (MeV), and the remaining parameters are dimensionless.
 
 
Force t0 t1 t2 t3 W0 x0 x1 x2 x3 Xw α 
SGII -2645.00 340.00 -41.90 15595.00 105.00 0.0900 -0.0588 1.4250 0.0604 1.0000  1/6 
KDE0 -2526.51 430.94 -398.38 14235.52 128.96 0.7583 -0.3087 -0.9495 1.1445 1.0000 0.1676 
KDE0v1 -2553.08 411.70 -419.87 14603.61 124.41 0.6483 -0.3472 -0.9268 0.9475 1.0000 0.1673 
SKM* -2645.00 410.00 -135.00 15595.00 130.00 0.0900 0.0000 0.0000 0.0000 1.0000  1/6 
SK255 -1689.35 389.30 -126.07 10989.60 95.39 -0.1461 0.1660 0.0012 -0.7449 1.0000 0.3563 
SkI3 -1762.88 561.61 -227.09 8106.20 188.51 0.3083 -1.1722 -1.0907 1.2926 0.0000  1/4 
SkI4 -1885.83 473.83 1006.86 9703.61 366.19 0.4051 -2.8891 -1.3252 1.1452 -0.9850  1/4 
SkI5 -1772.91 550.84 -126.69 8206.25 123.63 -0.1171 -1.3088 -1.0487 0.3410 1.0000  1/4 
SV-bas -1879.64 313.75 112.68 12527.38 124.63 0.2585 -0.3817 -2.8236 0.1232 0.5474 0.3000 
SV-min -2112.25 295.78 142.27 13988.57 111.29 0.2439 -1.4349 -2.6259 0.2581 0.8255 0.2554 
SV-sym32 -1883.28 319.18 197.33 12559.47 132.75 0.0077 -0.5943 -2.1692 -0.3095 0.4019 0.3 
SV-m56-O -1905.40 571.19 1594.80 8439.04 133.27 0.6440 -2.9737 -1.2553 1.7966 0.7949 0.2000 
SV-m64-O -2083.86 484.60 1134.35 10720.67 113.97 0.6198 -2.3327 -1.3059 1.2101 1.1042 0.2000 
SLy4 -2488.91 486.82 -546.39 13777.00 123.00 0.8340 -0.3440 -1.0000 1.3540 1.0000  1/6 
SLy5 -2484.88 483.13 -549.40 13763.00 126.00 0.7780 -0.3280 -1.0000 1.2670 1.0000  1/6 
SLy6 -2479.50 462.18 -448.61 13673.00 122.00 0.8250 -0.4650 -1.0000 1.3550 1.0000  1/6 
SkMP -2372.24 503.62 57.28 12585.30 160.00 -0.1576 -0.4029 -2.9557 -0.2679 1.0000  1/6 
SkO -2103.65 303.35 791.67 13553.25 353.16 -0.2107 -2.8108 -1.4616 -0.4299 -1.1256  1/4 
SkO' -2099.42 301.53 154.78 13526.46 287.79 -0.0295 -1.3257 -2.3234 -0.1474 -0.5760  1/4 
LNS -2484.97 266.74 -337.14 14588.20 96.00 0.0628 0.6585 -0.9538 -0.0341 1.0000 0.1667 
MSL0 -2118.06 395.20 -63.95 12857.70 133.30 -0.0709 -0.3323 1.3583 -0.2282 1.0000 0.2359 
NRAPR -2719.70 417.64 -66.69 15042.00 41.96 0.1615 -0.0480 0.0272 0.1361 1.0000 0.1442 
SQMC650 -2462.70 436.10 -151.90 14154.50 110.50 0.1300 0.0000 0.0000 0.0000 1.3899 0.1667 
SQMC700 -2429.10 371.00 -96.70 13773.60 104.60 0.1000 0.0000 0.0000 0.0000 1.3910 0.1667 
SkT1 -1794.00 298.00 -298.00 12812.00 110.00 0.1540 -0.5000 -0.5000 0.0890 1.0000  1/3 
SkT2 -1791.60 300.00 -300.00 12792.00 120.00 0.1540 -0.5000 -0.5000 0.0890 1.0000  1/3 
SkT3 -1791.80 298.50 -99.50 12794.00 126.00 0.1380 -1.0000 1.0000 0.0750 1.0000  1/3 
SkT8 -1892.50 367.00 -228.76 11983.00 109.00 0.4480 -0.5000 -0.5000 0.6950 1.0000 0.2850 
SkT9 -1891.40 377.40 -239.16 11982.00 130.00 0.4410 -0.5000 -0.5000 0.6860 1.0000 0.2850 
SkT1* -1800.50 296.00 -296.00 12884.00 95.00 0.1570 -0.5000 -0.5000 0.0920 1.0000  1/3 
SkT3* -1800.50 296.00 -98.67 12884.00 95.00 0.1420 -1.0000 1.0000 0.0760 1.0000  1/3 
Skxs20 -2885.24 302.73 -323.42 18237.49 162.73 0.1375 -0.2555 -0.6074 0.0543 0.0000  1/6 





Table 2 Conditions for using the interactions of Table 1 as they were designed. Here 
HBTM = 0, 1 and 2, for 
ℏ𝟐
𝟐𝐦
= 20.7525 MeVfm2 for neutron and proton,  
ℏ𝟐
𝟐𝐦
 = 20.7213 
MeVfm2 for proton and  
ℏ𝟐
𝟐𝐦
 = 20.7498 MeVfm2 for neutron, and  
ℏ𝟐
𝟐𝐦
= 20.7355 MeVfm2 
for neutron and proton, respectively; JTM, contribution to the spin-orbit potential from 
𝐭𝟏 and 𝐭𝟐 is taken for 1 and not for 0; CEX, Coulomb exchange on for 1 and off for 0; 
RHOC, proton density is used for Coulomb potential for 0 and charge density is used for 
Coulomb potential for 1; ZPE, the center-of-mass correction is given by (1− 1/A) factor 
on the mass for 0 and is calculated after from 𝐄𝐜.𝐦. =
𝟏
𝟐𝐦𝐀
〈?̂?𝟐〉 for 1.  
Force Ref. HBTM JTM CEX RHOC ZPE 
SGII  [41] 0 0 1 0 0 
KDE0  [22] 2 1 0 0 1 
KDE0v1  [22] 2 1 0 0 1 
SKM*  [42] 0 0 1 0 0 
SK255  [18] 2 1 0 0 1 
SkI3  [43] 0 0 1 0 1 
SkI4  [43] 0 0 1 0 1 
SkI5  [43] 0 0 1 0 1 
SV-bas  [44] 1 0 1 0 1 
SV-min  [44] 1 0 1 0 1 
SV-sym32  [44] 1 0 1 0 1 
SV-m56-O  [45] 1 0 1 0 1 
SV-m64-O  [45] 1 0 1 0 1 
SLy4  [46] 2 0 1 0 0 
SLy5  [46] 2 1 1 0 0 
SLy6  [46] 2 0 1 0 1 
SkMP  [47] 0 0 1 0 0 
SkO  [48] 2 0 1 0 1 
SkO'  [48] 2 1 1 0 1 
LNS  [49] 2 0 1 0 0 
MSL0  [50] 2 1 0 0 1 
NRAPR  [51] 2 1 1 0 1 
SQMC650  [52] 2 0 1 0 0 
SQMC700  [52] 2 0 1 0 0 
SkT1  [53] 1 1 1 1 0 
SkT2  [53] 1 1 1 1 0 
SkT3  [53] 1 1 1 1 0 
SkT8  [53] 1 1 1 1 0 
SkT9  [53] 1 1 1 1 0 
SkT1*  [53] 1 1 1 1 0 
SkT3*  [53] 1 1 1 1 0 
Skxs20  [54] 0 1 0 0 1 





Table 3 Nuclear Matter properties associated with each Skyrme interaction of Table 1. 
We have the saturation density ρ0 [fm
-3], the total binding energy per nucleon E/A 
[MeV], the incompressibility coefficient KNM [MeV] of NM, the coefficients related to 
the symmetry energy density J [MeV], L [MeV] and Ksym [MeV], the isoscalar effective 
mass m*/m, the enhancement factor of the EWSR of the IVGDR κ, the Landau 
parameter G0’
 and the strength of the spin-orbit interaction W0 (MeV). 
 
Force ρ0 E/A KNM J L Ksym m*/m κ W0 G0' 
SGII 0.159 15.59 215.0 26.80 37.63 -145.90 0.79 0.49 105.00 0.5052 
KDE0 0.161 16.11 228.8 33.00 45.22 -144.78 0.72 0.30 128.96 0.0474 
KDE0v1 0.165 16.23 227.5 34.58 54.70 -127.12 0.74 0.23 124.41 0.0006 
SKM* 0.160 15.78 216.7 30.03 45.78 -155.94 0.79 0.53 130.00 0.3142 
SK255 0.157 16.33 255.0 37.40 95.00 -58.33 0.80 0.54 95.39 0.3733 
SkI3 0.158 15.96 258.1 34.80 100.52 73.04 0.58 0.25 188.51 0.2035 
SkI4 0.160 15.92 247.9 29.50 60.39 -40.56 0.65 0.25 366.19 1.3813 
SkI5 0.156 15.83 255.7 36.70 129.33 159.57 0.58 0.25 123.63 0.3013 
SV-bas 0.160 15.90 234.0 30.00 45.21 -221.75 0.90 0.40 124.63 0.7279 
SV-min 0.161 15.91 222.0 30.01 44.76 -156.57 0.95 0.08 111.29 0.7963 
SV-sym32 0.159 15.94 233.81 32.00 57.07 -148.79 0.90 0.40 132.745 0.8319 
SV-m56-O 0.157 15.81 254.6 27.00 49.96 -45.04 0.56 0.60 133.27 1.6523 
SV-m64-O 0.159 15.82 241.4 27.01 30.63 -144.76 0.64 0.60 113.97 1.4667 
SLy4 0.160 15.97 229.9 32.00 45.96 -119.73 0.70 0.25 123.00 -0.1337 
SLy5 0.160 15.98 229.9 32.03 48.27 -112.76 0.70 0.25 126.00 -0.1414 
SLy6 0.159 15.92 229.8 31.96 47.44 -112.71 0.69 0.25 122.00 -0.0038 
SkMP 0.157 15.56 230.9 29.88 70.31 -49.82 0.65 0.71 160.00 0.4653 
SkO 0.160 15.84 223.34 31.97 79.14 -43.17 0.90 0.17 353.16 1.6191 
SkO' 0.160 15.75 222.3 31.95 68.93 -78.82 0.90 0.15 287.79 0.7923 
LNS 0.175 15.32 210.78 33.43 61.45 -127.36 0.83 0.38 96.00 0.1367 
MSL0 0.160 16.00 230.00 30.00 60.00 -99.33 0.80 0.43 133.30 0.4160 
NRAPR 0.161 15.85 225.65 32.78 59.63 -123.32 0.69 0.66 41.96 0.4100 
SQMC650 0.172 15.57 218.11 33.65 52.92 -173.15 0.78 0.59 110.5 0.2018 
SQMC700 0.171 15.49 222.20 33.47 59.06 -140.84 0.76 0.56 104.60 0.3600 
SkT1 0.161 15.98 236.16 32.02 56.18 -134.83 1.00 0.00 110.00 0.1642 
SkT2 0.161 15.94 235.73 32.00 56.16 -134.67 1.00 0.00 120.00 0.1573 
SkT3 0.161 15.95 235.74 31.50 55.31 -132.05 1.00 0.00 126.00 0.4516 
SkT8 0.161 15.94 235.70 29.92 33.72 -187.52 0.83 0.20 109.00 0.2386 
SkT9 0.160 15.88 234.91 29.76 33.74 -185.62 0.83 0.20 130.00 0.2142 
SkT1* 0.162 16.20 238.95 32.31 56.58 -136.66 1.00 0.00 95.00 0.1757 
SkT3* 0.162 16.20 238.95 31.97 56.32 -133.65 1.00 0.00 95.00 0.4616 
Skxs20 0.162 15.79 201.76 35.49 67.07 -122.25 0.96 0.08 162.73 0.1286 






Figure 1 NM properties associated with each Skyrme interaction as a function of the 
incompressibility coefficient, KNM. We show from top left to bottom, the effective mass 
m∗/m, the total binding energy per nucleon E/A, the Landau parameter G0’, the 
saturation density ρ0, the symmetry energy at saturation density J, the first derivative of 
the symmetry energy L, the second derivative of the symmetry energy Ksym and the 






Table 4 Calculated Pearson linear correlation coefficients, C, for NM properties. The 
parameters of all 33 Skyrme effective nucleon-nucleon interactions shown in Table 1 
were used to calculate C.  
  KNM J L Ksym m*/m κ W0(XW=1) 
KNM 1.00 0.03 0.30 0.43 -0.37 -0.02 0.03 
J 0.03 1.00 0.72 0.49 0.07 -0.24 -0.25 
L 0.30 0.72 1.00 0.91 -0.15 -0.13 -0.08 
Ksym 0.43 0.49 0.91 1.00 -0.41 -0.08 0.05 
m*/m -0.37 0.07 -0.15 -0.41 1.00 -0.63 -0.19 
κ -0.02 -0.24 -0.13 -0.08 -0.63 1.00 -0.03 




















GIANT RESONANCES IN 40,44Ca, 68Ni, 90Zr, 116Sn, 144Sm AND 208Pb*1 
 
 
 We show results of centroid energies, ECEN, of the isoscalar (T = 0) and isovector 
(T = 1) giant resonances of multipolarities L = 0 to 3 in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm 
and 208Pb, calculated within the fully self-consistent Hartree-Fock (HF)-based random 
phase approximation (RPA) theory described in Chapter II, using the 33 Skyrme-type 
effective nucleon-nucleon interactions of the standard form shown in Table 1  and Table 
2. All the nuclei considered here are closed-shell except for 144Sm for which we used the 
occupation-number approximation for the single particle orbits to carry out our 
calculations. For the calculation of the centroid energy we used Eqs. (2.53) and (2.54) 
with the energy ranges shown in Table 5 which were determined from the experimental 
data (when available) and from the shape of the relative strength function.  
 We compared our calculated centroid energies to the experimental data of Table 
6, in order to extract limit the range of values of NM properties. Except for the 68Ni 
measurement, which was carried out at GANIL using inelastic scattering at 50A 
MeV [57], the isoscalar data were obtained at Texas A&M University using inelastic 
scattering of 240 MeV α-particles [58–61]. A complete explanation of the experimental 
method used for the TAMU experiments can be found in [62–64]. The isovector centroid 
                                                 
*1 Parts of the chapter are reproduced with permission from G. Bonasera, M. R. Anders, and S. Shlomo, 
“Giant Resonances in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb”, Phys. Rev. C 98, 054316 (2018), 




energies were obtained from various sources in the literature which used monochromatic 
photon beams to obtain the photonuclear cross-sections [40,65–72], except for the 208Pb 
IVGDR which was obtained from polarized proton inelastic scattering [73]. We also 
evaluate the Pearson linear correlation coefficient between the ECEN of every 
multipolarity and each NM property, shown in Table 7. We obtain strong correlation 
between ECEN of the ISGMR and the incompressibility coefficient of nuclear matter, 
KNM, between ECEN of the ISGDR, ISGQR, ISGOR, IVGOR and the effective mass, 
m*/m, and between ECEN of the isovector resonances and the EWSR enhancement 
coefficient, κ, of the IVGDR.  
 In what follows we cover each giant resonance individually and show the 
calculated centroid energy plotted with several of the NM properties related to the 








Table 5 Integration energy ranges for 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
Excitation energy range 𝑬𝟏 − 𝑬𝟐 (in MeV) used in the integration of the strength 





Table 6 ECEN experimental data in MeV for 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
Values and references for centroid energy experimental data: [58] for a, [74] for b, [57] 
for c, [60] for d, [61] for e, [40] for f, [65] for g, [66] for h, [67] for i, [68] for j, [69] for 
k, [70] for m, [71] for n and [73] for p. 
 
40Ca 48Ca 68Ni 90Zr 116Sn 144Sm 208Pb 
L0T0 19.18 (37)a 19.88 (16)b 21.9 (19)c 17.88 (12)d 15.85 (20)e 15.40 (30)e 13.96 (20)e 
L1T0 23.36 (70)a 27.30 (15)b  27.40 (50)
d 25.50 (60)e 24.51 (40)e 22.20 (30)e 
L2T0 17.84 (43)a 18.61 (24)b  14.56 (20)
d 13.50 (35)e 12.78 (30)e 10.89 (30)e 
L3T0    23.10 (30)
d 23.30 (80)e 19.80 (50)e 19.60 (50)e 
L0T1 31.0 (20)f      26.00 (200)
f 
L1T1 19.80 (50)g 19.50 (50)i 17.10 (20)j 16.83 (04)k 15.67 (04)m 15.30 (10)n 13.40 (50)p 







  40Ca 48Ca 68Ni 90Zr 116Sn 144Sm 208Pb 
L0T0 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 
L1T0 20 - 60 20 - 60 20 - 60 20 - 60 16 - 60 16 - 60 16 - 60 
L2T0 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 
L3T0 20 - 60 20 - 60 20 - 60 15 - 60 15 - 60 15 - 60 15 - 60 
L0T1 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 
L1T1 0 - 60 0 - 60 0 - 60 0 - 60 0 - 60 0 - 60 0 - 60 
L2T1 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 





Table 7 Pearson linear correlation for 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
Calculated Pearson linear correlation coefficient between centroid energies and each 
nuclear matter property. 
  KNM J L Ksym m*/m κ W0(XW=1) 
ISGMR 0.87 -0.10 0.25 0.45 -0.51 0.13 0.11 
ISGDR 0.52 -0.10 0.13 0.36 -0.88 0.55 0.04 
ISGQR 0.41 -0.09 0.15 0.41 -0.93 0.54 0.22 
ISGOR 0.42 -0.10 0.15 0.43 -0.96 0.56 0.16 
IVGMR 0.23 -0.26 -0.12 0.00 -0.70 0.86 -0.09 
IVGDR 0.05 -0.37 -0.42 -0.30 -0.60 0.84 -0.06 
IVGQR 0.18 -0.35 -0.29 -0.13 -0.74 0.80 0.00 
IVGOR 0.25 -0.32 -0.19 0.02 -0.83 0.81 0.04 
 
 
Isoscalar Giant Monopole Resonance 
The centroid energy, ECEN, of the ISGMR is plotted in Figure 2 as a function of 
the nuclear matter incompressibility coefficient, KNM. One nucleus is shown per panel 
and the experimental result is demarcated by the dashed lines. We find the anticipated 
strong correlation between the ECEN of this compression mode and KNM [1,17,75] with a 
calculated Pearson linear correlation coefficient C ~ 0.87. The figure shows for 40Ca that 
the values of the calculated centroid energies are above the experimental result. For the 
isotope of 48Ca we found that interactions with KNM = 200 – 240 MeV agree with data. 
For the isotope of 68Ni we obtain a lower ECEN than the experiment except for a few 
Skyrme parametrizations associated with a large value (~260 MeV) of KNM. For the 




result and the calculations when using interactions associated with KNM = 210–240 
MeV. For the isotope of 116Sn, the calculated values for ECEN are about 1 MeV larger 
than the experimental data for interactions with KNM = 200–240 MeV, which remains an 
open problem [76]. In Figure 3 we show the calculated centroid energies plotted with the 
effective mass, m*/m for which we obtained a weak correlation with C ~ -0.51. We also 
study the relation between the ECEN of the ISGMR and the symmetry energy coefficients 
J and L but don’t obtain any correlation. On the other hand, a weak correlation (C ~ 
0.45) is found between the calculated values of ECEN and the second derivative of the 
symmetry energy, see Figure 4. As shown in Table 7 we do not obtain any correlations 
with the remaining NM properties or with W0. The complete list of the calculated values 





Figure 2 ISGMR ECEN with KNM in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. The 
calculated centroid energies of the ISGMR (full circle) are plotted as a function of the 
incompressibility coefficient. One nucleus is shown per panel while the experimental 
data is delimited by the dashed line. Strong correlation is obtained between the 





Figure 3 ISGMR ECEN with m*/m in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the effective mass, m*/m. Weak correlation is obtained between the 






Figure 4 ISGMR ECEN with Ksym in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the second derivative of the symmetry energy coefficient. Weak 
correlation is obtained between the calculated values of ECEN and Ksym, with a Pearson 







Figure 5 Isoscalar ECEN overview in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. The 
centroid energies [MeV] are plotted as a function of the nucleon mass. The different 
multipolarities L = 0-3 are shown in panels a to d. Available experimental errors are 
marked with the solid vertical lines while the calculated centroid energies are plotted by 
dots with lines connecting the same interactions to help guide the eye. 
 
 
We plotted the centroid energies for all 7 nuclei considered here as a function of 
their mass in Figure 5a. The theoretical centroid energies are plotted by dots with lines 
connecting the results of the different interactions to help guide the eye, while the 
experimental range is shown by the solid vertical line. We see from this overview plot 
that the experimental result for ECEN increases with the mass for the isotopes of 
40,48Ca 
and 68Ni but then steadily decreases for the higher masses. The calculated results do not 
show this behavior for the low mass region and instead we find that the value of ECEN 




Isoscalar Giant Dipole Resonance 
The centroid energy, ECEN, of the high-energy component of the ISGDR (3ℏω, 
excitations) is plotted against the incompressibility coefficient, KNM, in Figure 6. The 
correlation we obtained between the calculated values of ECEN and KNM is weak with a 
calculated Pearson linear correlation coefficient C ~ 0.52. A similar plot, but as a 
function of the nucleon effective mass, m*/m, is shown in Figure 7. We find a strong 
correlation between the calculated values of ECEN and m*/m for the ISGDR (C ~ -0.88). 
As the figure shows, most of our calculations are above the experimental result. For 
40,48Ca we find that the interactions considered predict the centroid energy up to 6 MeV 
above the experimental data. In the case of the isotope of 90Zr our calculations are within 
3 MeV of the experimental centroid energy with the interactions with high value of 
effective mass (m*/m > 0.9) agreeing with the experimental result. A very similar result 
is found for 208Pb, while slightly better agreement is found between the data and the 
theory for the isotopes of 116Sn and 144Sm. We note however, that for the ISGDR 
comparing the calculated and the measured centroid energies may not lead to the correct 
conclusions because the fractions of the EWSR are around 70% in the case of the Ca 
isotopes [58,77] while they are close to 100% for 116Sn, 144Sm and 208Pb [61]. As shown 
in Table 7, no correlations are found between the calculated values of ECEN and the 
symmetry energy coefficients J and L (C ~ -0.10 and 0.13, respectively), while weak 
correlation is obtained with Ksym (C ~ 0.36). In Figure 8 we plot the centroid energy as a 
function of the enhancement coefficient, κ, of the EWSR for the IVGDR showing the 




medium correlation between κ and m*/m which are both influenced by the momentum 
dependent term of the Skyrme-interaction, see Table 4 for the complete list of 
correlations between NM properties. In Table 15 of the Appendix we show the 
calculated values of the ISGDR ECEN. 
 In Figure 5b we plot the centroid energies against the mass, A, for all the nuclei 
considered here. The experimental data, available for all but the Ni isotope, is demarked 
by solid vertical lines. The calculated centroid energies are marked by dots with a line 
connecting the results of each interactions to help guide the eye. We find a similar trend 
in both theory and experimental cases: an increasing value of ECEN for the lighter nuclei, 
from 40Ca to 48Ca to (at least for the calculation) 68Ni, and then a steady decrease 
beginning with 90Zr all the way down to 208Pb. We emphasize however that the theory is 
consistently above the data, therefore the interactions with a higher value of effective 





Figure 6 ISGDR ECEN with KNM in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the ISGDR centroid energy plotted with the incompressibility 
coefficient. Weak correlation is obtained between the calculated values of ECEN and 





Figure 7  ISGDR ECEN with m*/m in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the ISGDR centroid energy as a function of the effective mass. A strong 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 






Figure 8 ISGDR ECEN with κ in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like Figure 2 
but for the ISGDR centroid energy as a function of the enhancement coefficient of the 
EWSR for the IVGDR. A weak correlation is obtained between the calculated values of 





Isoscalar Giant Quadrupole Resonance 
In Figure 9 the centroid energy, ECEN, (full circles) is plotted with the effective 
mass, m*/m, of the relative interaction used in its calculations for the ISGQR. One 
nucleus is shown per panel and the experimental range, available for all nuclei, is shown 
as dashed lines. As can be seen from the figure, we found a strong correlation between 
the calculated values of ECEN and m*/m with the centroid energy decreasing as the 
effective mass is increasing. The calculated Pearson linear correlation coefficient 
between the values of ECEN and m*/m is C ~ -0.93. We find that the centroid energy for 
the Ca isotopes is reproduced by interactions within the m*/m = 0.6 - 0.8 region. For 
68Ni, 90Zr, 116Sn and 144Sm the interactions in the region of m*/m = 0.7 - 0.9 yielded the 
best results while for 208Pb a slightly higher region of m*/m = 0.8 - 1.0 is the closest to 
the data. Overall however, the region contained by m*/m = 0.7 - 0.9 reproduces the most 
data. In Figure 10 the centroid energy is plotted with the incompressibility coefficient, 
KNM, and a weak correlation is obtained for the two calculated quantities with C ~ 0.41. 
We didn’t obtain any correlation between the calculated values of ECEN and the 
symmetry energy coefficients J and L (C ~ -0.09 and 0.15, respectively), while a weak 
correlation is found with Ksym and κ (C ~ 0.41 and 0.54, respectively). In Table 16 of the 







Figure 9 ISGQR ECEN with m*/m in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the ISGQR centroid energy plotted with the effective mass. A strong 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 






Figure 10 ISGQR ECEN with KNM in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the ISGQR centroid energy plotted with the incompressibility 
coefficient. A weak correlation is obtained between the calculated values of ECEN and 







In Figure 5c the centroid energies of the nuclei studied in this chapter are plotted 
with their mass, A. The data is shown for all cases by the solid vertical line while the 
calculated ECEN are marked by dots connected by a line for each interaction. We find a 
general decreasing trend for the value of ECEN as the mass increases, except for 
48Ca 
whose centroid energy was measured about 1 MeV above that of 40Ca, an effect 
reproduced by 17 of the 33 interactions considered here but only up to 0.58 MeV. 
Although the data falls inside the theory “band”, we can see from Figure 5c that the 
experimental result slowly drifts towards the bottom of the band i.e. towards the higher 
effective mass interactions (which give a lower ECEN) for the larger nuclei.  
 
 
Isoscalar Giant Octupole Resonance 
The centroid energy, ECEN, of the ISGOR is plotted in Figure 11 as with the 
effective mass, m*/m. The data for the four heaviest nuclei 90Zr, 116Sn, 144Sm and 208Pb 
is delimited by dashed lines. We found a strong correlation between the theoretical 
calculations of ECEN and m*/m with a Pearson linear correlation coefficient C ~ -0.96. 
We obtain similar centroid energy values between theory and experiment for 116Sn and 
208Pb for interactions with a high value of effective mass (m*/m > 0.8), while for 90Zr 
and 144Sm all of the interactions considered are above the experimental result. In Figure 
12 we plot the centroid energy with the incompressibility coefficient. In this case we 
found a weak correlation (C ~ 0.42) between these two quantities. A similar result is 




of C ~ 0.43. The other symmetry energy coefficients, J and L, are not correlated with 
ECEN (C ~ -0.10 and 0.15, respectively). For the enhancement coefficient, κ, of the 
EWSR for the IVGDR we determined a weak correlation with ECEN, a reflection of the 
connection between m*/m and κ, see Table 7 for details.  In Table 17 of the Appendix 
we show the values of the calculated centroid energies for the ISGOR. 
 Figure 5d shows an overview of the ISGOR centroid energies for the nuclei of 
this chapter plotted against their mass. The data is delimited by the solid vertical lines, is 
shown for 90Zr, 116Sn, 144Sm and 208Pb. Overall, we obtain the predicted decreasing trend 
for the value of ECEN as the mass increases for both theory and experiment. However, 9 
of the 33 interactions adopted predict the highest values of ECEN in the heavier Ca 
isotope, while only 2 interactions resulted in a higher centroid energy for 116Sn than 90Zr, 





Figure 11 ISGOR ECEN with m*/m in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the ISGOR centroid energy plotted with the effective mass. A strong 
correlation is obtained between the theoretical values of ECEN and m*/m, with a Pearson 





Figure 12 ISGOR ECEN with KNM in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the ISGOR centroid energy plotted with the incompressibility 
coefficient. A weak correlation is obtained between the theoretical values of ECEN and 





Isovector Giant Monopole Resonance 
The centroid energy, ECEN, of the isovector giant monopole resonance (IVGMR), 
is plotted as a function of the incompressibility coefficient in Figure 13. The HF-RPA 
calculations are shown as full circles and the data, available for 40Ca and 208Pb, is 
marked with dashed lines. Despite this being an isovector compression mode no 
correlations are found between the theoretical values of ECEN and KNM with a Pearson 
linear correlation coefficient C ~ 0.23. In Figure 14 we plot the ECEN as a function of the 
effective mass, m*/m. We found a medium correlation between ECEN and m*/m with a 
value of C ~ -0.70 but we cannot determine constraints on the effective mass, or any 
other NM properties, because of the large error bars on the experimental data. Moving 
onto the isovector properties, we find an even larger correlation between ECEN and κ with 
a value of C ~ 0.86 as can be seen in Figure 15. For the other isovector properties, 
including J, L and Ksym no correlation is found for the calculated ECEN (C ~ -0.26, -0.12 
and 0.00, respectively). Similar to the work done for the Ca isotopes [78], we studied the 
centroid energy difference of 48Ca - 40Ca using more Skyrme interactions and reaffirm a 
strong correlation (Pearson correlation coefficient C = 0.83) with the value of W0 for the 








Figure 13  IVGMR ECEN with KNM in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the IVGMR centroid energy plotted with the incompressibility 
coefficient. No correlation is obtained between the calculated values of ECEN and KNM, 





Figure 14 IVGMR ECEN with m*/m in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the IVGMR centroid energy plotted with the effective mass. A medium 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 





Figure 15 IVGMR ECEN with κ in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like Figure 
2 but for the IVGMR centroid energy as plotted with the enhancement coefficient of the 
EWSR for the IVGDR. A strong correlation is obtained between the calculated values of 








Figure 16 Isovector ECEN overview in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Similar 
to Figure 5 but for the isovector resonances. Experimental data is available for the 
IVGDR but only available for 40Ca and 208Pb for the IVGMR and IVGQR. 
 
 
 In Figure 16a we plot the ECEN of the IVGMR against the nucleon mass. A 
majority of the calculations, shown by dots with a line connecting the same interaction to 
guide the eye, predict a decreasing see-saw trend for the value of the centroid energy as 
the mass is increasing. We see from the figure that the calculated values of the centroid 
energy for the heavier Ca isotopes are above the lighter one except for NRAPR and 
SkT3*. Likewise, all but one interaction (SKO), predicted the values of ECEN for 
90Zr 
above those of 68Ni, while the centroid energy of 144Sm was determined to be within 0.2 




Isovector Giant Dipole Resonance 
The centroid energy, ECEN, resulting from the HF-RPA (full circles) calculation 
for the isovector giant dipole resonance (IVGDR) is plotted against the symmetry energy 
coefficient, J, in Figure 17. Data is available for all nuclei with very small error bars in 
some cases. We found weak correlation between the theoretical values of ECEN and J (C 
~ -0.37). Similarly, for the 1st and 2nd derivatives of the symmetry energy, L and Ksym, 
we obtained weak and no correlations with the theoretical values of the centroid energy 
with C ~ -0.42 and C ~ -0.30, respectively. The lack of a correlation for these quantities 
goes against the common expectation that the value of the centroid energy for the 
isovector dipole is sensitive to the density dependence of Esym(ρ) [40,79]. We note that 
for an improved determination of the density dependence of Esym(ρ) one should also 
study the relation between the centroid energy and the neutron-proton asymmetry, (N-
Z)/A, or other quantities for example the IVGDR polarizability. In Figure 18 the centroid 
energy is plotted with the EWSR enhancement coefficient, κ, of the IVGDR. We 
obtained a strong correlation between the theoretical values of ECEN and κ, with a 
Pearson linear correlation coefficient C ~ 0.84. It can be seen from the figure that the 
centroid energies resulting from interactions associated with κ = 0.25 - 0.70 are the best 
at reproducing the data. In Figure 19 the centroid energy is plotted against the effective 
mass. In this case we obtained weak correlation between ECEN and m*/m with C ~ -0.60. 
The correlations between other NM properties and the ECEN of the IVGDR are presented 
in Table 7. For completeness the calculated ECEN of the IVGDR are shown in Table 19 




 In Figure 16b the IVGDR centroid energy is plotted as a function of mass for the 
7 nuclei studied in this section. The results of the 33 interactions are plotted by dots 
connected with a line for each interaction to guide the eye while the experimental data is 
shown as vertical black lines. A clear decrease in the value of ECEN as the nucleon mass 
is increased is seen in the figure for both the experimental and theoretical results. Some 
deviations to this trend are found for the Ca isotopes for which 12 of the interactions 
considered predict the heavier isotope to have a centroid energy up to 0.60 MeV larger 
than that of 40Ca. We also see from this figure that the data is always in the middle of the 





Figure 17 IVGDR ECEN with J in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like Figure 
2 but for the IVGDR centroid energy plotted with the symmetry energy at saturation 
density. No correlation is obtained between the calculated values of ECEN and J, with a 





Figure 18 IVGDR ECEN with κ in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like Figure 
2 but for the IVGDR centroid energy plotted with the enhancement coefficient of the 
EWSR for the IVGDR. A strong correlation is obtained between the calculated values of 





Figure 19 IVGDR ECEN with m*/m in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the IVGDR centroid energy plotted with the effective mass. A weak 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 





Isovector Giant Quadrupole Resonance 
The centroid energy, ECEN, of the isovector giant quadrupole resonance (IVGQR) 
is plotted with the symmetry energy, J, in Figure 20. Measurements are available for 
40Ca and 208Pb and are delimited with dashed lines. We only obtain a weak correlation 
between the calculated values of ECEN and J with C ~ -0.35. Similarly, no correlation was 
found between the calculated values of ECEN and both the first and second derivatives of 
J with C ~ -0.29 and C ~ 0.13, respectively. In Figure 21 the centroid energy is plotted as 
a function of the energy weighted sum rule (EWSR) enhancement coefficient, κ, of the 
IVGDR. We obtain a medium correlation between the calculated values of ECEN and κ 
with a Pearson linear correlation coefficient C ~ 0.80. In agreement with our constraints 
derived from the IVGDR on κ, we find that the same interactions also reproduce the 
centroid energy of the IVGQR for 40Ca and 208Pb. In Figure 22 we plot ECEN with the 
effective mass. In this case we obtain a medium correlation (C ~ -0.74) between the 
calculated values of ECEN and m*/m and obtain good agreement with the available 
experimental data for interactions with m*/m = 0.6 - 0.9. We do not obtain any 
correlation between the calculated values of ECEN and KNM (C ~ 0.18) or any other NM 
properties, see Table 7. The theoretical centroid energies of the IVGQR are shown in 
Table 20 of the Appendix. 
In Figure 16c the centroid energy of the IVGQR is plotted as a function of mass 
for the nuclei studied in this section. We see from the figure that the value of ECEN 
decreases with A, however, for the Ca isotopes we found that 9 Skyrme interactions 





Figure 20 IVGQR ECEN with J in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like Figure 
2 but for the IVGQR centroid energy plotted with the symmetry energy at saturation 
density. No correlation is obtained between the calculated values of ECEN and J, with a 





Figure 21 IVGQR ECEN with κ in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like Figure 
2 but for the IVGQR centroid energy plotted with the enhancement coefficient of the 
EWSR for the IVGDR. A medium correlation is obtained between the calculated values 





Figure 22 IVGQR ECEN with m*/m in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the IVGQR centroid energy plotted with the effective mass. A medium 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 




Isovector Giant Octupole Resonance 
No experimental data is available for the centroid energy, ECEN, of the isovector 
giant octupole resonance (IVGOR) for the nuclei studied here. In Figure 23 the centroid 
energy, ECEN, is plotted as a function of the symmetry energy coefficient J. No 
correlation is found between the calculated values of ECEN and J (C ~ -0.32). Similarly, 
for the 1st and 2nd derivatives of J no correlation is found with ECEN (C ~ -0.19 and 0.02, 
respectively). Conversely, we obtained a strong correlation between the calculated 
values of ECEN and the EWSR enhancement coefficient, κ, for the IVGDR (Pearson 
linear correlation coefficient C ~ 0.81) as can be seen from Figure 24. Similarly, we 
obtained a strong correlation between m*/m and ECEN (C ~ -0.83) as shown in Figure 25. 
No other correlation is found between ECEN and NM properties, see Table 7 for values of 
C. The calculated centroid energies of the IVGOR are shown in Table 21 of the 
Appendix. 
We plot the IVGOR centroid energies as a function of nucleon mass in Figure 
16d. We find a smooth decrease in the value of ECEN as A increases, with some 
exceptions for the Ca isotopes where 22 of the 33 interactions predict the centroid 






Figure 23 IVGOR ECEN with J in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like Figure 
2 but for the IVGOR centroid energy plotted with the symmetry energy at saturation 
density. No correlation is obtained between the calculated values of ECEN and J, with a 





Figure 24 IVGOR ECEN with κ in 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like Figure 
2 but for the IVGOR centroid energy plotted with the enhancement coefficient of the 
EWSR for the IVGDR. A strong correlation is obtained between the calculated values of 





Figure 25 IVGOR ECEN with m*/m in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. Like 
Figure 2 but for the IVGOR centroid energy plotted with the effective mass. A strong 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 






We have discussed results of fully self-consistent spherical HF based RPA 
calculations, employing 33 Skyrme type effective nucleon-nucleon interactions of the 
standard form shown in Table 1, for the centroid energies, ECEN, of the isoscalar and 
isovector giant resonances of multipolarities L = 0 - 3 in 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm 
and 208Pb and compared with available experimental data. The sensitivity of the 
theoretical ECEN of each giant resonance to the properties of nuclear matter at saturation 
density associated with the adopted interactions was investigated by determining the 
Pearson linear correlation coefficients, C, between ECEN and the various NM properties.  
We reproduced the data for the centroid energy of the ISGMR, ISGQR and 
IVGDR for most of the nuclei considered. For the ISGDR and ISGOR we found that 
most of the interactions are consistently higher than the experimental values for the 
centroid energy. Strong correlation was found between the calculated values of the 
centroid energy of the ISGMR and the incompressibility coefficient of nuclear matter, 
KNM. We obtained medium to strong correlations for the calculated values of centroid 
energy and nucleon effective mass, m*/m, for all the resonances considered. We also 
obtained strong correlations between the isovector centroid energies and the 
enhancement coefficient, κ, of the EWSR of the IVGDR. We report that no correlation 
was found for the isovector centroid energies and the symmetry energy coefficients J, L 
and Ksym.  
Using the available experimental data and the strong correlations of the ISGMR, 




description of the experimental data for interactions associated with the following ranges 
of NM properties: KNM = 210 – 240 MeV, m*/m = 0.7 - 0.9 and κ = 0.25 - 0.70. We note 
that when deciding on a best range for the effective mass more weight was given to the 























GIANT RESONANCES IN 92,94,96,98,100Mo AND 90,92,94Zr*2 
 
 
 In this chapter we present the centroid energies, ECEN, of isoscalar and isovector 
giant resonances of multipolarity L = 0 - 3 for the isotopes of 92,94,96,98,100Mo and 90,92,94Zr 
obtained from the HF based RPA, described previously in chapter II, employing 33 
Skyrme type effective nucleon-nucleon interactions of the standard form given in Table 
1. Except for 90Zr, the nuclei considered here are open-shell nuclei. We used the 
occupation number approximation for the single-particle orbits to carry out our 
calculations.  
 For the calculation of the ECEN we adopted the energy range shown in Table 8 
which were obtained from the study of the structure of the corresponding strength 
functions. We compare our theoretical centroid energies to the experimental results of 
Table 9. The isoscalar giant resonances have been measured at Texas A&M University 
using inelastic scattering of 240 MeV α-particles [58–61]. A detailed explanation of the 
experimental method used for the TAMU experiments can be found in [62–64]. We also 
compare our calculations for the ISGMR centroid energy with the experimental result 
from the Research Center for Nuclear Physics (RCNP) at Osaka University (Osaka, 
Japan) [23]. The isovector centroid energies were obtained from various sources in the 
                                                 
*2 Parts of the chapter are reproduced with permission from G. Bonasera, S. Shlomo, D. H. Youngblood, 
Y.-W. Lui, Krishichayan, and J. Button, “Isoscalar and isovector giant resonances in 92,94,96,98,100Mo and 




literature, see Table 9 for details. We also calculate the Pearson linear correlation 
coefficient between the centroid energy of each multipolarity and each NM property, 
shown in Table 10. We obtain strong correlation between ECEN of the ISGMR and the 
incompressibility coefficient of nuclear matter, KNM, between ECEN of the ISGDR, 
ISGQR, ISGOR, IVGOR and the effective mass, m*/m, and between ECEN of the 
isovector resonances and the EWSR enhancement coefficient, κ, of the IVGDR.  
In what follows we cover each giant resonance separately and show plots of the 
calculated ECEN as a function of various NM properties associated with the interaction 
used in the calculation. Experimental data is shown as dashed lines where available. We 
also investigate the effect of isospin asymmetry, I =
𝑁−𝑍
𝐴
, on the centroid energy by 





Table 8 Integration energy ranges for 92,94,96,98,100Mo and 90,92,94Zr. Energy ranges E1 – E2 
(in MeV) used in the integration of the strength function to determine the centroid 
energies of the isoscalar and isovector giant resonances. 
  92Mo 94Mo 96Mo 98Mo 100Mo 90Zr 92Zr 
94Zr 
L0T0 9 - 36 9 - 36 9 - 36 9 - 36 9 - 36 9 - 36 9 - 36 
9 - 36 
L1T0 20 - 36 20 - 36 20 - 36 20 - 36 20 - 36 20 - 36 20 - 36 
20 - 36 
L2T0 9 - 36 9 - 36 9 - 36 9 - 36 9 - 36 9 - 36 9 - 36 
9 - 36 
L3T0 15 - 36 15 - 36 15 - 36 15 - 36 15 - 36 15 - 36 15 - 36 
15 - 36 
L0T1 15 - 60 15 - 60 15 - 60 15 - 60 15 - 60 15 - 60 15 - 60 
15 - 60 
L1T1 0 - 60 0 - 60 0 - 60 0 - 60 0 - 60 0 - 60 0 - 60 
0 - 60 
L2T1 15 - 60 15 - 60 15 - 60 15 - 60 15 - 60 15 - 60 15 - 60 
15 - 60 
L3T1 22 - 60 22 - 60 22 - 60 22 - 60 22 - 60 22 - 60 22 - 60 




Table 9   ECEN experimental data in MeV for 
92,94,96,98,100Mo and 90,92,94Zr. The data for 
the isoscalar giant resonances in  92,96,98,100Mo isotopes is taken from Ref. [19], in 94Mo 
from Ref. [20], in 90,92,94Zr from Ref. [21]. The ISGMR data for 92Mo and 90,92Zr, from 
the Osaka group (marked with *), is from Ref. [23]. The data for the isovector giant 
dipole resonances in 92,94,96,98,100Mo is taken from Ref. [81] and in 90,92,94Zr  from 
Ref. [69]. 
  L0T0 L1T0 L2T0 L3T0 L1T1 
92Mo 19.62 (28) 27.60 (50) 14.51 (25) 21.80 (30) 16.90 (.10) 
18.20 (13)*         
94Mo 17.99 (72) 26.49 (43) 14.55 (13) 24.60 (46) 16.40 (10) 
96Mo 16.95 (12) 30.00 (70) 13.85 (20) 21.40 (30) 16.20 (10) 
98Mo 16.01 (19) 27.40 (70) 13.85 (20) 21.5 (30) 15.80 (10) 
100Mo 16.13 (11) 30.10 (70) 13.60 (15) 21.51 (30) 15.70 (10) 
90Zr 17.88 (12) 27.40 (50) 14.56 (20) 23.10 (30) 16.83 (04) 
 18.13 (09)*         
92Zr 18.23 (14) 30.00 (70) 14.35 (15) 23.90 (30) 16.27 (04) 
  18.05 (05)*         
94Zr 16.16 (11) 27.00 (50) 14.49 (15) 23.60 (30) 16.20 (04) 
 
Table 10  Pearson linear correlation for 92,94,96,98,100Mo and 90,92,94Zr. Calculated Pearson 
linear correlation coefficient between centroid energies and each nuclear matter 
property. 
  KNM J L Ksym m*/m κ W0(XW=1) 
ISGMR 0.87 -0.05 0.25 0.42 -0.51 0.15 0.07 
ISGDR 0.53 -0.07 0.12 0.37 -0.91 0.53 0.03 
ISGQR 0.37 -0.07 0.15 0.41 -0.96 0.57 0.06 
ISGOR 0.38 -0.08 0.13 0.39 -0.98 0.61 0.07 
IVGMR 0.25 -0.24 -0.09 0.04 -0.71 0.85 -0.08 
IVGDR 0.04 -0.35 -0.39 -0.29 -0.61 0.85 -0.22 
IVGQR 0.16 -0.34 -0.27 -0.11 -0.77 0.85 -0.13 





Isoscalar Giant Monopole Resonance 
The centroid energy, ECEN, of the isoscalar giant monopole resonance (ISGMR), 
calculated within the spherical HF-based RPA, is plotted in Figure 26 as a function of 
the incompressibility coefficient of nuclear matter, KNM, of the corresponding interaction 
used in the calculation. One isotope is shown for each panel and the relative 
experimental region is marked with dashed lines (for the TAMU data). For 92Mo we also 
included solid lines to show the Osaka data [23], however we did not include the Osaka 
data for 90,92Zr because it agrees closely with the TAMU data. We obtained a strong 
correlation between the calculated values of ECEN and KNM with a Pearson linear 
correlation coefficient C ~ 0.87, in agreement with our results of Chapter III. However, 
in this case, we can’t make constraints on the value of KNM due to the disagreement 
between the theoretical and experimental results. For the data from the TAMU 
experiment of 92Mo we obtained agreement with interactions with a value of KNM > 260 
MeV. On the opposite end we find that interactions with KNM < 200 MeV reproduced the 
experimental data for 94Zr, while interactions with KNM = 210 – 240 MeV reproduced 
the data of 96Mo and 90,92Zr. For the remaining neutron rich isotopes of 98,100Mo and 94Zr 
we find that none of the interactions reproduced the experimental result, with the 
theoretical calculations consistently above the experimental value by 2 MeV. In Figure 
27 we plotted ECEN of the ISGMR as a function of the effective mass, m*/m, for which 
we found a weak correlation (C ~ -0.51). In Figure 28 we plot the centroid energy 
against the symmetry energy coefficient, J. We do not obtain any correlation between the 




first derivative of J while a weak correlation is found with its second derivative (C ~ 
0.42). We do not obtain any correlation with any of the other NM properties or with W0, 
see Table 10. The complete list of calculated values of the isoscalar monopole centroid 
energies is given in Table 22. 
In Figure 29 we plot the change in the centroid energy ∆ECEN = ECEN(I0) - ECEN(I) 
against the isospin asymmetry coefficient I = (N-Z)/A. The ISGMR ECEN are plotted in 
Figure 29a for the Mo isotopes and Figure 29b for the Zr isotopes. The theoretical results 
are plotted by dots a with line connecting the results of the same interaction to guide the 
eye, while the experimental data is shown by the solid vertical lines. We find a general 
decreasing trend in the value of ECEN as the value of I increases (and thus A increases), 
in both values of the theory and the experiment. However, the magnitude of the decrease 
in the value of the centroid energy from one isotope to the next found in the 
experimental data is not reproduced by the calculations [77]. For 92Zr and 92Mo the 
centroid energies obtained by the experiment at TAMU were greater than that of 90Zr by 
0.35 and 1.74 MeV, respectively. In the case of our calculations we only obtained the 
centroid energy larger in 92Mo than 90Zr for the SKO interaction while the calculations 







Figure 26 ISGMR ECEN with KNM in 92,94,96,98,100Mo and 90,92,94Zr. Theoretical centroid 
energies [MeV] (full circle) of the ISGMR plotted with the incompressibility coefficient 
KNM. One isotope is shown per panel, the experimental data is delimited by dashed lines 
(Texas A&M) and solid lines (Osaka). A strong correlation is obtained between the 






Figure 27 ISGMR ECEN with m*/m in 92,94,96,98,100Mo and 90,92,94Zr. Like Figure 26 but 
for the ISGMR centroid energy plotted with the effective mass. A weak correlation is 
obtained between the calculated values of ECEN and m*/m, with a Pearson linear 





Figure 28 ISGMR ECEN with J in 
92,94,96,98,100Mo and 90,92,94Zr. Like Figure 26 but for the 
ISGMR centroid energy plotted with the symmetry energy at saturation density. No 
correlation is obtained between the calculated values of ECEN and J, with a Pearson linear 





Figure 29 Isoscalar ECEN overview in 
92,94,96,98,100Mo and 90,92,94Zr. The difference 
between the centroid energy [MeV] (calculated as ECEN(




90,92,94Zr) in the left and right figures, respectively) is plotted 
against the asymmetry coefficient I = (N-Z)/A of each isotope, for the isoscalar giant 
resonances of multipolarity L = 0-3. The experimental error bar is shown by the solid 
vertical line, while the theoretical calculations are shown as dots connected by lines to 




Isoscalar Giant Dipole Resonance 
The centroid energy, ECEN, of the ISGDR is plotted in Figure 30 as a function of 
the incompressibility coefficient, KNM. One isotope is shown per panel with the 
appropriate experimental region marked by the dashed lines while the calculations are 
shown as solid circles. We obtained a weak correlation between the calculated values of 
ECEN and KNM (C ~ 0.53). We found a strong correlation between the calculated values 
of the centroid energy and the effective mass (C ~ -0.91) shown in Figure 31. However, 
different interactions reproduce different isotopes such that we can’t decide on a best 
range of values for m*/m. In particular, the experimental centroid energy of 96,100Mo and 
92Zr agrees with the centroid energies resulting from the interactions with the lowest 
value of m*/m ~ 0.6, while the ECEN for the rest of the nuclei agrees with the result 
obtained from interactions with a value of m*/m = 0.8 - 1.0. Next, we plot the centroid 
energy as a function of the symmetry energy coefficient J in Figure 32. No correlation is 
found between the calculated values of ECEN and J (C ~ -0.07). Similarly, no correlation 
is found with the first derivative of J, while a weak correlation is obtained between the 
calculated values of ECEN and Ksym (C ~ 0.37). No correlation is found with other NM 
properties, see Table 10 for details. For completeness the calculated centroid energies of 
the ISGDR are shown in Table 23 of the Appendix. 
In the case of the Mo isotopes, the value of ECEN as a function of the asymmetry 
coefficient, I = (N-Z)/A, follows a seesaw in the experimental data while for the 
theoretical calculations we find that all the interactions considered predict a slow 




case of the Zr isotopes in Figure 29d, the experimental data shows an increase in the 
value of the centroid energy from 90Zr to 92Zr but a decrease from 90Zr to 94Zr. 
Conversely, the 33 interactions resulted in a slow decrease in the value of ECEN as 
neutrons are added to 90Zr, as was the case for Mo isotopes. These experimental 







Figure 30 ISGDR ECEN with KNM in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 
but for the ISGDR centroid energy plotted with the incompressibility coefficient. A 
weak correlation is obtained between the calculated values of ECEN and KNM, with a 





Figure 31 ISGDR ECEN with m*/m in 
92,94,96,98,100Mo and 90,92,94Zr. Like Figure 26 but 
for the ISGDR centroid energy plotted with the effective mass. A strong correlation is 
obtained between the calculated values of ECEN and m*/m, with a Pearson linear 





Figure 32 ISGDR ECEN with J in 
92,94,96,98,100Mo and 90,92,94Zr. Like Figure 26 but for the 
ISGDR centroid energy plotted with the symmetry energy at saturation density. No 
correlation is obtained between the calculated values of ECEN and J, with a Pearson linear 







Isoscalar Giant Quadrupole Resonance 
The centroid energy, ECEN, of the ISGQR is shown in Figure 33 as function of the 
nucleon effective mass, m*/m. We obtained strong correlation (C ~ -0.96) between the 
calculated values of ECEN and m*/m, in agreement with our findings in Chapter III. We 
found good agreement with the data for interactions associated with an effective mass in 
the range 0.8 - 0.9, in agreement with Chapter III. In particular, we found that the Mo 
isotopes with more neutrons prefer a slightly higher effective mass while for the Zr 
isotopes we found the opposite trend. In the case of the incompressibility coefficient, 
KNM, we show in Figure 34 a weak correlation with the calculated ECEN (C ~ 0.37). For 
the symmetry energy coefficients of J and L we obtained no correlation with the ECEN, 
while a weak correlation was found with Ksym (C ~ 0.41). Details of correlations with 
other NM properties are shown in Table 10. The calculated values of the centroid 
energies of the ISGQR are shown in Table 24 of the Appendix. 
 The difference in the centroid energy ∆ECEN = ECEN(I0)-ECEN(I) is plotted as a 
function of isospin in Figure 29 e and f for the Mo and Zr isotopes, respectively. For 
both sets of isotopes we obtained a clear decrease in the value of the centroid energy as 
the neutron number increases for both theoretical and experimental results. We note that 
the centroid energy of the isotope of 94Zr breaks this trend in the experimental case 
where it is obtained above that of its neighboring nuclei, an effect not reproduced by any 






Figure 33 ISGQR ECEN with m*/m in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 
but for the ISGQR centroid energy plotted with the effective mass. A strong correlation 
is obtained between the calculated values of ECEN and m*/m, with a Pearson linear 





Figure 34 ISGQR ECEN with KNM in 
92,94,96,98,100Mo and 90,92,94Zr. Like Figure 26 but for 
the ISGQR centroid energy plotted with the incompressibility coefficient. A weak 
correlation is obtained between the calculated values of ECEN and KNM, with a Pearson 








Isoscalar Giant Octupole Resonance 
In Figure 35 we show the centroid energy, ECEN, of the ISGOR plotted with the 
effective mass, m*/m. We obtained a strong correlation (C ~ -0.98) between the 
calculated values of ECEN and m*/m. As shown in the figure, the calculated values are 
consistently above the experimental values, similar to what we obtained in Chapter III. 
We note that in the case of 92,94Zr we found agreement with the experimental data for 
interactions associated with a large m*/m ~ 1 (mostly from the SkT series). In Figure 36 
we plot the centroid energy as a function of the NM incompressibility coefficient, KNM. 
We obtained a weak correlation (C ~ 0.39) between ECEN and KNM. For the symmetry 
energy coefficients J and L we found no correlation with the calculated centroid energy, 
and weak correlation with Ksym (C ~ 0.38). A complete list of the Pearson linear 
correlation coefficients between ECEN and NM properties is shown in Table 10. The 
calculated values of the centroid energies of the ISGOR are shown in Table 25 of the 
Appendix. 
The difference in the centroid energy ∆ECEN = ECEN(I0)-ECEN(I) is plotted as a 
function of isospin in Figure 29g and h for the Mo and Zr isotopes, respectively. In both 
cases we obtained a slow decreasing trend for the values of ECEN as the neutron numbers 
increases for the theoretical results. For the experiment instead, 94Mo breaks this pattern 
and was measured 3 MeV above the other isotopes. Conversely to the calculated values 
of the centroid energy for the Zr isotopes, the experimental result seems to trend upward 






Figure 35 ISGOR ECEN with m*/m in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 
but for the ISGOR centroid energy as a function of the effective mass. A strong 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 





Figure 36 ISGOR ECEN with KNM in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 
but for the ISGOR centroid energy plotted with the incompressibility coefficient. A 
weak correlation is obtained between the calculated values of ECEN and KNM, with a 






Isovector Giant Monopole Resonance 
We plot the centroid energy, ECEN, of the IVGMR, a compression mode, as a 
function of the incompressibility coefficient of nuclear matter, KNM, in Figure 37. The 
calculations are shown by the solid circles, but no experimental data is available. No 
correlation is found between the calculated values of ECEN and KNM with a value of C ~ 
0.25. In Figure 38 we plot the centroid energy as a function of the effective mass, m*/m. 
We obtained a medium correlation between ECEN and m*/m (C ~ -0.71). Next, we show 
the centroid energy as a function of the symmetry energy coefficient, J, in Figure 39. No 
correlation is found between the calculated values of ECEN and J (C ~ -0.24). Similarly, 
no correlation is found between the centroid energy and the first or the second derivative 
of the symmetry energy (C < 0.10 in both cases). We show the IVGMR centroid energy 
as a function of the IVGDR energy weighted sum rule enhancement coefficient, κ, in 
Figure 40. We obtained a strong correlation between the values of ECEN and κ (C ~ 0.85). 
In Figure 41a and 41b we plot the centroid energies as a function of the asymmetry 
coefficient, I, for the two sets of isotopes. As can be seen in the figures, the theory 
predicts a decreasing value of ECEN as the systems become heavier and more neutron 
rich. For completeness we present the calculated values of ECEN for the isovector giant 






Figure 37 IVGMR ECEN with KNM in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 
but for the IVGMR centroid energy as a function of the incompressibility coefficient. No 
correlation is obtained between the calculated values of ECEN and KNM, with a Pearson 





Figure 38 IVGMR ECEN with m*/m in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 
but for the IVGMR centroid energy as a function of the effective mass. A medium 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 






Figure 39 IVGMR ECEN with J in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 but 
for the IVGMR centroid energy as a function of the symmetry energy at saturation 
density. No correlation is obtained between the calculated values of ECEN and J, with a 






Figure 40 IVGMR ECEN with κ in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 but 
for the IVGMR centroid energy as a function of the enhancement coefficient of the 
EWSR for the IVGDR. A strong correlation is obtained between the calculated values of 





Figure 41 Isovector ECEN overview in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 29 





Isovector Giant Dipole Resonance 
The centroid energy, ECEN, of the IVGDR is plotted as a function of the 
symmetry energy coefficient, J, in Figure 42. The experimental uncertainties are 
delimited by dashed lines and were obtained from Ref. [81] for Mo and Ref. [69] for Zr. 
We find that for all the nuclei the interactions considered agree with the experimental 
result and are at most within a few MeV. We note that although this is an isovector 
resonance we find only weak correlation between the calculated values of ECEN and J (C 
~ -0.35), as well as for its first derivative L (C ~ -0.39) while no correlation is found for 
the second derivative  𝐾𝑠𝑦𝑚 (C ~ -0.29). This agrees with our findings from Chapter III. 
We plot in Figure 43 the centroid energy as a function of the enhancement coefficient, κ, 
of the energy weighted sum rule for the IVGDR. A strong correlation is obtained 
between the calculated values of ECEN and κ (C ~ 0.85). We see from the figure that 
interactions with κ = 0.25 - 0.7 best reproduce most of the experimental data, also in 
good agreement with Chapter III. Next, we show in Figure 44 the centroid energy 
plotted as a function of the effective mass, m*/m, for which we obtain a medium 
correlation (C ~ -0.61) due mostly to the correlation between κ and m*/m, discussed 
previously. Lastly, we plot in Figure 41c and Figure 41d the centroid energies as a 
function of the asymmetry coefficient, I. We find that in both the theoretical and the 
experimental cases the centroid energy decreases as the asymmetry (and the mass) 
increases. For completeness we give the calculated values of the centroid energies of the 





Figure 42 IVGDR ECEN with J in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 but 
for the IVGDR centroid energy as a function of the symmetry energy at saturation 
density. No correlation is obtained between the calculated values of ECEN and J, with a 





Figure 43 IVGDR ECEN with κ in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 but 
for the IVGDR centroid energy as a function of the enhancement coefficient of the 
EWSR for the IVGDR. A strong correlation is obtained between the calculated values of 





Figure 44 IVGDR ECEN with m*/m in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 
but for the IVGDR centroid energy as a function of the effective mass. A medium 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 





Isovector Giant Quadrupole Resonance 
The centroid energy, ECEN, of the IVGQR is plotted in Figure 45 as a function of 
the symmetry energy coefficient, J. No experimental data is available for this resonance. 
There is no correlation between the calculated values of ECEN and J (C ~ -0.34). 
Similarly, no correlation is obtained with the first or the second derivative of the 
symmetry energy (C ~ -0.27 and -0.11, respectively). Next, we show in Figure 46 the 
centroid energy as a function of the enhancement coefficient for the EWSR of the 
IVGDR, κ, for which we obtained a strong correlation (C ~ 0.85). We also find a 
medium correlation between the calculated values of the centroid energy and the 
effective mass, see Figure 47 (C ~ -0.77). We study the centroid energy as a function of 
the asymmetry coefficient in Figure 41e and Figure 41f. As expected, we obtain a 
decreasing value of the centroid energy as the asymmetry (and the mass) increases. The 






Figure 45 IVGQR ECEN with J in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 but 
for the IVGQR centroid energy as a function of the symmetry energy at saturation 
density. No correlation is obtained between the calculated values of ECEN and J, with a 





Figure 46 IVGQR ECEN with κ in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 but 
for the IVGQR centroid energy as a function of the enhancement coefficient of the 
EWSR for the IVGDR. A strong correlation is obtained between the calculated values of 





Figure 47 IVGQR ECEN with m*/m in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 
but for the IVGQR centroid energy as a function of the effective mass. A medium 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 






Isovector Giant Octupole Resonance 
The centroid energy, ECEN, of the IVGOR is plotted as a function of the 
symmetry energy coefficient, J, in Figure 48. No experimental data is available for this 
resonance. We obtained no correlation between the calculated values of ECEN and J (C ~ 
-0.28). Similarly, no correlation was found between the centroid energy and either the 
first or the second derivative of the symmetry energy (C ~ -0.18 and ~ 0.02). In Figure 
49 we demonstrate the strong correlation between the IVGOR centroid energy and 
IVGDR energy weighted sum rule enhancement coefficient, κ, (C ~ 0.83). We obtained 
a strong correlation between the calculated values of the centroid energy and the 
effective mass (C ~ -0.86), shown in Figure 50. The overview of all the calculated 
Pearson linear correlation coefficients is shown in Table 10. In Figure 41g and Figure 
41h we plot the centroid energies as a function of the asymmetry coefficient, I, for Mo 
and Zr, respectively. In both cases we find the expected decreasing trend of the centroid 
energy as the neutrons are added to the system. However, for 98Mo and 100Mo we obtain 
some deviation for the interactions Sly4 and Sly5. The calculated values of the centroid 






Figure 48 IVGOR ECEN with J in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 but 
for the IVGOR centroid energy as a function of the symmetry energy at saturation 
density. No correlation is obtained between the calculated values of ECEN and J, with a 





Figure 49 IVGOR ECEN with κ in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 but 
for the IVGOR centroid energy as a function of the enhancement coefficient of the 
EWSR for the IVGDR. A strong correlation is obtained between the calculated values of 





Figure 50 IVGOR ECEN with m*/m in 
92,94,96,98,100Mo and 90,92,94Zr. Similar to Figure 26 
but for the IVGOR centroid energy as a function of the effective mass. A medium 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 







We have presented results of spherical Hartree-Fock based random phase 
approximation (HF-RPA) calculations for centroid energies, ECEN, of isoscalar and 
isovector resonances of multipolarity L = 0 - 3. In our calculations we adopted 33 
different Skyrme-type effective nucleon-nucleon interactions which cover a wide range 
of values of the properties of nuclear matter, see Table 1 and Table 3 for details. We 
focused our attention on the isotopes of 92,94,96,98,100Mo and 90,92,94Zr and compared with 
the recent experimental data to further investigate the disagreement with theoretical 
results obtained using only the KDE0v1 interaction [19–21]. We also studied the 
sensitivity of the calculated values of the centroid energy of each giant resonance with 
each nuclear matter property, see Table 10.  
The disagreement between the theoretical calculations and the experimental data 
for the isoscalar centroid energies, and in particular for the ECEN of the ISGMR in 
94Zr 
and 92,98,100Mo which were obtained 1 – 3 MeV from the experimental data, remains an 
unresolved problem. Further investigations are required into the issue. One possible 
solution may be found by using the calculated HF-based RPA microscopic transition 
densities in the analysis of the experimental cross-section data [38,82] instead of the 
semi-classical transition densities used for the folding-model distorted wave Born 
approximation. Another possibility is to go beyond the mean-field approximation by 







GIANT RESONANCES IN 44Ca, 54Fe, 64,68Zn AND 56,58,60,68Ni 
 
 
 We present the centroid energies, ECEN, of isoscalar and isovector giant 
resonances of multipolarity L = 0 - 3 for the isotopes of 44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni 
calculated within the spherical HF based RPA, described previously in Chapter II, using 
33 different Skyrme-type defined in Table 1 and Table 2. Most of the nuclei considered 
in this chapter are open shell so we used the occupation number approximation for the 
single particle orbits to carry out our calculations.  
 For the calculation of the ECEN we integrated the strength function, S(E), using 
the energy ranges shown in Table 11 which were obtained from the shape of the 
corresponding S(E) and from the experimental data. We compare our calculated ECEN to 
the experimental results of Table 12. The isoscalar giant resonances have been measured 
at Texas A&M University using inelastic scattering of 240 MeV alpha 
particles [24,25,87] except for the unstable isotopes 56,68Ni which were measured using 
inverse kinematics [57,88,89]. A detailed explanation of the experimental method used 
for the TAMU experiments can be found in [62–64]. The experimental data for the 
isovector giant dipole resonance was taken from the online tabulation maintained by the 
Centre for Photonuclear Experiments (Moscow State University) [90]. We also 
determined the Pearson linear correlation coefficient between the centroid energy of 




correlation between ECEN of the ISGMR and the incompressibility coefficient of nuclear 
matter, KNM, strong correlation between ECEN of the ISGDR, ISGQR, ISGOR, IVGOR 
and the effective mass, m*/m, and between ECEN of the isovector resonances and the 
EWSR enhancement coefficient, κ, of the IVGDR. We note that the magnitudes of the 
correlation obtained here were slightly less than those of chapters III and IV. 
In what follows we consider each giant resonance separately and present plots of 
the calculated centroid energy as a function of various NM properties associated with the 
interaction used in the calculation. Experimental data is shown as dashed lines where 




Table 11 Integration energy ranges for 44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Energy ranges 
E1 – E2 (in MeV) used in the integration of the strength function to determine the 
centroid energies of the isoscalar and isovector giant resonances. 
  44Ca 54Fe 56Ni 58Ni 60Ni 64Zn 68Zn 68Ni 
L0T0 9 - 40 9 - 40 12 - 35 9 - 40 9 - 40 9 - 40 9 - 40 12 - 30 
L1T0 20 - 40 20 - 40 20 - 40 20 - 40 20 - 40 20 - 40 20 - 40 20 - 40 
L2T0 9 - 40 9 - 40 12 - 35 9 - 40 9 - 40 9 - 40 9 - 40 12 - 30 
L3T0 15 - 40 15 - 40 15 - 40 15 - 40 15 - 40 15 - 40 15 - 40 15 - 40 
L0T1 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 
L1T1 0 - 60 0 - 60 0 - 60 0 - 60 0 - 60 0 - 60 0 - 60 0 - 60 
L2T1 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 7 - 60 






Table 12 ECEN experimental data in MeV for 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. The 
isoscalar data was taken from the following references:  [24] for a, [25] for b,  [88] for 
c, [87] for d, [57] for e, [89] for f. The isovector data was taken from the online “Centre 
for Photonuclear Experimental Data” maintained by Moscow State University [90]. 
 
 ISGMR ISGDR ISGQR ISGOR IVGDR 
44Ca 19.49 (34)a 35.03 (145)a 17.21 (48)a - 21.63 (50) 
54Fe 19.66 (37)b 29.40 (83)b 18.05 (87)b - 18.94 (50) 
56Ni 19.30 (50)c - 16.20 (50)c - 20.91 (50) 
58Ni 19.32 (32)d 34.06 (30)d 16.34 (13)d 23.20 (30)d 20.41 (50) 
60Ni 18.10 (29)d 36.12 (28)d 15.88 (14)d 24.40 (26)d 20.41 (50) 
64Zn 18.88 (79)b 25.66 (121)b 15.85 (31)b - 19.53 (50) 
68Zn 16.60 (17)b 27.65 (39)b 15.54 (32)b - 17.18 (50) 




Table 13 Pearson linear correlation for 44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Calculated 
Pearson linear correlation coefficient between centroid energies and each nuclear matter 
property. 
  KNM m*/m W0(XW=1) J L Ksym κ 
ISGMR 0.73 -0.26 -0.07 -0.04 0.16 0.24 0.02 
ISGDR 0.39 -0.83 -0.02 -0.17 0.01 0.23 0.58 
ISGQR 0.40 -0.93 0.07 -0.05 0.15 0.41 0.53 
ISGOR 0.32 -0.89 0.04 -0.15 -0.01 0.24 0.58 
IVGMR 0.22 -0.64 -0.12 -0.24 -0.13 -0.03 0.80 
IVGDR 0.09 -0.62 -0.12 -0.39 -0.40 -0.27 0.80 
IVGQR 0.17 -0.73 -0.13 -0.38 -0.34 -0.17 0.81 
IVGOR 0.23 -0.82 -0.04 -0.29 -0.18 0.01 0.79 





Isoscalar Giant Monopole Resonance 
The centroid energy, ECEN, of the ISGMR is plotted as a function of the 
incompressibility coefficient of nuclear matter, KNM, in Figure 51. Each nucleus is 
shown in its own panel and the experimental data is marked by the dashed lines. We 
obtained a medium correlation between the calculated values of ECEN and KNM with C ~ 
0.73. As can be seen from the figures for 44Ca, 54Fe, 56,58Ni and 64Zn interactions 
associated with a value of KNM = 200 – 240 MeV reproduce the data. This is the same 
region we extracted in Chapter III for a wide range of nuclear masses. However, for the 
isotopes of 60Ni and 68Zn we find that most of the interactions are above the 
experimental results. We note however, that the experimental value of ECEN for 
68Zn is 
much lower than that of other nuclei in the region. On the other hand, most of the 
interactions are below the result of 68Ni with only interactions with KNM > 240MeV 
reproducing the data. In Figure 52 we plot the ISGMR centroid energy as a function of 
the effective mass, m*/m. We don’t obtain any correlation between the calculated values 
of ECEN and m*/m (C ~ -0.26). We also do not obtain any correlation between the 
calculated values of the centroid energy and the symmetry energy coefficient J, (C ~ -
0.04), see Figure 53. Similarly, no correlation is found between the calculated values of 
centroid energy and the first derivative of the symmetry energy (C ~ 0.16), or the second 
derivative (C ~ 0.24) shown in Figure 54. As can be seen from Table 13, no correlation 
is found between ECEN and any of the other NM properties considered. We also point out 




of Chapter III. For completeness we show in Table 30 of the Appendix the calculated 
centroid energies for this giant resonance. 
In Figure 55a we plot the centroid energies of 44Ca, 54Fe and 64,68Zn as a function 
of the nucleon mass. The experimental result is marked by a solid vertical line while the 
theoretical calculations are plotted as dots with lines connecting the same interactions to 
guide the eye. As the figure shows, a slight increase is predicted by most interactions in 
the value of the centroid energy going from 44Ca to 54Fe and then a steady decline for the 
Zn isotopes. The experimental value of the centroid energy instead is relatively constant 
for the first 3 nuclei and then drops for 68Zn. In Figure 55b we show a similar plot but 
for the Ni isotopes. Here the calculations result in a steady decrease in the value of the 
centroid energy as the mass increases, with a kink for the 58Ni isotope. On the other 
hand, the experimental value for ECEN is similar for 
56,58Ni, then decreases slightly for 





Figure 51 ISGMR ECEN with KNM in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Calculated 
centroid energies [MeV] (full circle) of the ISGMR as a function of the incompressibility 
coefficient, KNM. Each nucleus has its own panel, the experimental uncertainties are 
contained by the dashed lines. A medium correlation is obtained between the calculated 





Figure 52 ISGMR ECEN with m*/m in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to 
Figure 51 but for the ISGMR centroid energy as a function of the effective mass. No 
correlation is obtained between the calculated values of ECEN and m*/m, with a Pearson 





Figure 53 ISGMR ECEN with J in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 51 
but for the ISGMR centroid energy as a function of the symmetry energy at saturation 
density. No correlation is obtained between the calculated values of ECEN and J, with a 





Figure 54 ISGMR ECEN with Ksym in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 
51 but for the ISGMR centroid energy as a function of the second derivative of the 
symmetry energy at saturation density. No correlation is obtained between the calculated 





Figure 55 Isoscalar ECEN overview in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. The isoscalar (L 
= 0 - 3) centroid energies [MeV] are plotted as a function of the nucleon mass. The 
isotopes of 44Ca, 54Fe and 64,68Zn are shown on the left panels while 56,58,60,68Ni are on the 
right. Available experimental errors are shown by solid vertical lines while the 





Isoscalar Giant Dipole Resonance 
The centroid energy, ECEN, of the ISGDR is plotted in Figure 56 as a function of 
the incompressibility coefficient, KNM. Each nucleus is shown in its own panel and the 
experimental data is marked by the dashed lines but is not available for 56,68Ni. We 
obtained a weak correlation between the calculated values of ECEN and KNM (C ~ 0.39). 
For the effective mass, m*/m, on the other hand, shown in Figure 57, we find a strong 
correlation with the centroid energy with C ~ 0.83. We see from the figure that the 
calculated values of the centroid energy are in agreement with data only for 54Fe. For the 
isotopes of 44Ca and 58,60Ni the calculations are several MeV below the experimental 
values, while we find the opposite for the 64,68Zn isotopes for which the calculated values 
are 1 - 4 MeV above the experimental values. We point out however that the 
experimental centroid energy for the Zn isotopes is up to 10 MeV below that of the other 
nuclei considered in this chapter. Next, we show in Figure 58 the centroid energy as a 
function of the symmetry energy coefficient, J. No correlation is found between the 
calculated centroid energies and J (C ~ -0.17) or with the first and second derivative of J 
(C ~ 0.01 and 0.23, respectively). In Table 13 we show the calculated Pearson linear 
correlation coefficients for the remaining NM properties considered here. For 
completeness we show in Table 31 of the Appendix the calculated centroid energies for 
this giant resonance. 
In Figure 55c the centroid energies, ECEN, of 
44Ca, 54Fe and 64,68Zn are plotted as 
a function of their mass. Experimental data is marked by the solid vertical lines while the 




to guide the eye. As shown in the figure, the theoretical calculations predict the value of 
ECEN between 28 and 30 MeV for most interactions. We find that the increase in the 
value of the centroid energy from 64Zn to the heavier 68Zn is reproduced by all 
interactions considered, albeit shifted by a few MeV. The centroid energy of Ni isotopes 
is plotted as a function of mass in Figure 55d. The calculations result in a relatively 
constant value across this isotope chain, while for the experimental result we find that 
the centroid energy for 58Ni is lower than that of 60Ni while no data is available for the 






Figure 56 ISGDR ECEN with KNM in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 
51 but for the ISGDR centroid energy as a function of the incompressibility coefficient. 
A weak correlation is obtained between the calculated values of ECEN and KNM, with a 






Figure 57 ISGDR ECEN with m*/m in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to 
Figure 51 but for the ISGDR centroid energy as a function of the effective mass. A 
strong correlation is obtained between the calculated values of ECEN and m*/m, with a 





Figure 58 ISGDR ECEN with J in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 51 
but for the ISGDR centroid energy as a function of the symmetry energy at saturation 
density. No correlation is obtained between the calculated values of ECEN and J, with a 






Isoscalar Giant Quadrupole Resonance 
The centroid energy, ECEN, of the ISGQR is shown in Figure 59 as a function of 
the effective mass, m*/m. We obtained a strong correlation between the calculated 
values of ECEN and m*/m (C~ -0.93), in agreement with the results of Chapter III. For 
the ISGQR we have experimental data for all the isotopes considered. For the lightest 
nuclei, 44Ca and 54Fe, interactions associated with m*/m = 0.6 - 0.8 reproduce the data 
the best while for all the other nuclei a slightly higher range for m*/m is in better 
agreement with the experimental data. For 56,58,60Ni and 64Zn the experimental centroid 
energy is in some cases even reproduced by interactions with m*/m ~ 1. Next, we show 
in Figure 60 the centroid energy as a function of the incompressibility coefficient, KNM, 
for which we obtained a weak correlation (C ~ 0.40). We cannot make conclusions on a 
good range for KNM using the ISGQR because the correlation is not strong enough and 
we find that interaction across the entire range can reproduce the experimental data. For 
the remaining correlations between ECEN and NM properties shown in Table 13, we only 
find a weak correlation with Ksym (C ~ 0.41) and with the isovector enhancement factor, 
κ, of the IVGDR (C ~ 0.52). For completeness we show in Table 32 of the Appendix the 
calculated centroid energies for this giant resonance. 
 In Figure 55e the centroid energies of 44Ca, 54Fe and 64,68Zn are plotted as a 
function of their mass. Experimental data is marked by the solid vertical lines while the 
results of the calculations are shown as dots with lines connecting the same interactions 
to help guide the eye. The resulting trend of the calculated ECEN agrees with the 




a decrease for 64,68Zn. This peculiar behavior was already pointed out in Chapter III, 
where we covered the centroid energy for a wide range of nuclear masses, but was not 
found in Chapter IV, where we focused on the region of A = 90 - 100. The calculated 
centroid energy of the Ni isotopes on the other hand, shown in Figure 55f, seems to 
steadily decrease as the mass increases while the experimental values are a bit more 
constant around 16 MeV. From this figure we also reiterate the point above regarding the 
effective mass. Using the knowledge that a higher effective mass corresponds to a lower 
centroid energy we can clearly see that the experimental data for the Zn and Ni isotopes 
falls in the lower part of the “theory band” (higher effective mass) while 44Ca and 54Fe 





Figure 59 ISGQR ECEN with m*/m in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to 
Figure 51 but for the ISGQR centroid energy as a function of the effective mass. A 
strong correlation is obtained between the calculated values of ECEN and m*/m, with a 





Figure 60 ISGQR ECEN with KNM in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 
51 but for the ISGQR centroid energy as a function of the incompressibility coefficient. 
A weak correlation is obtained between the calculated values of ECEN and KNM, with a 







Isoscalar Giant Octupole Resonance 
In Figure 61 we plot the centroid energy, ECEN, of the ISGOR as a function of the 
effective mass, m*/m. We obtained a strong correlation between the calculated values of 
ECEN and m*/m (C ~ 0.89). The experimental data, available for 
58,60Ni and delimited by 
the dashed lines, is several MeV below the result of all the interactions used. This was 
also seen in Chapter III and it is possibly that the reason of the discrepancies may lie in 
the fact that the strength distribution of the ISGOR extends well beyond the 
experimental sensitivity leaving a large amount of the high energy strength undetected 
which would shift the centroid energy upward. In Figure 62 the centroid energy is 
plotted as a function of the incompressibility coefficient, KNM. We find no correlation 
between the calculated values of ECEN and KNM (C ~ 0.33). Similarly, as can be seen 
from Table 13, we find no correlation with any of the symmetry energy coefficients 
while only a weak correlation is found with the isovector enhancement factor (C ~ -
0.58).  For completeness we show in Table 33 of the Appendix the calculated centroid 
energies for this giant resonance. 
In Figure 55g the centroid energies of 44Ca, 54Fe and 64,68Zn are plotted as a 
function of their mass. We see from the figure that the value of the centroid energy 
seems to fluctuate for these nuclei. In Figure 55h we show the centroid energy of the Ni 
isotopes as a function of their mass. We obtained a decreasing trend for the centroid 
energy as the mass increases, but we found that the ECEN of 
58Ni is predicted below that 





Figure 61 ISGOR ECEN with m*/m in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to 
Figure 51 but for the ISGOR centroid energy as a function of the effective mass. A 
strong correlation is obtained between the calculated values of ECEN and m*/m, with a 





Figure 62 ISGOR ECEN with KNM in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 
51 but for the ISGOR centroid energy as a function of the incompressibility coefficient. 
No correlation is obtained between the calculated values of ECEN and KNM, with a 






Isovector Giant Monopole Resonance 
We plot the centroid energy, ECEN, of the IVGMR as a function of the 
incompressibility coefficient of nuclear matter, KNM, in Figure 63. The calculations are 
shown by the full circles, but no experimental data is available. Despite being a 
compression mode, we don’t find any correlation between the calculated centroid 
energies and the incompressibility coefficient (C ~ 0.22). As can be seen from the figure, 
we predict the centroid energy to fall between 28 and 35 MeV except for the isotopes of 
54Fe and 56Ni where we see some interactions resulting with values as high as 38.5 MeV. 
In Figure 64 we plot the centroid energy as a function of the effective mass, m*/m, and 
obtain a medium correlation between ECEN and m*/m (C ~ -0.64). We find no 
correlations between the calculated centroid energy and the symmetry energy coefficient 
J (shown in Figure 65) or its first and second derivative, see Table 13 for details. In 
Figure 66 we plot the centroid energy as a function of the enhancement coefficient, κ, of 
the energy weighted sum rule (EWSR) for the isovector giant dipole resonance 
(IVGDR). We obtained a strong correlation between the calculated values of ECEN and κ 
(C ~ 0.80), in agreement with Chapter III. For completeness we show in Table 34 of the 
Appendix the calculated centroid energies for this giant resonance. 
In Figure 67a the centroid energies of 44Ca, 54Fe and 64,68Zn are plotted as a 
function of their mass for the IVGMR. We obtain an increasing value for centroid 
energy going from 44Ca to 54Fe and going from 64Zn to 68Zn, but the values of the 
centroid energy of the Zn isotopes are predicted below that of 54Fe. In Figure 67b we 




trend for the value of the centroid energy as the mass increases, with a particularly steep 
decrease from the unstable isotopes of 56Ni to 58Ni for interactions with a higher value of 
the enhancement coefficient, κ.   
 
Figure 63 IVGMR ECEN with KNM in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to 
Figure 51 but for the IVGMR centroid energy as a function of the incompressibility 
coefficient. No correlation is obtained between the calculated values of ECEN and KNM, 





Figure 64 IVGMR ECEN with m*/m in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to 
Figure 51 but for the IVGMR centroid energy as a function of the effective mass. A 
medium correlation is obtained between the calculated values of ECEN and m*/m, with a 





Figure 65 IVGMR ECEN with J in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 51 
but for the IVGMR centroid energy as a function of the symmetry energy at saturation 
density. No correlation is obtained between the calculated values of ECEN and J, with a 





Figure 66 IVGMR ECEN with κ in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 51 
but for the IVGMR centroid energy as a function of the enhancement coefficient of the 
EWSR for the IVGDR. A strong correlation is obtained between the calculated values of 






Figure 67 Isovector ECEN overview in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to 
Figure 55 but for the isovector resonances L = 0 - 3. Experimental data is only available 





Isovector Giant Dipole Resonance 
The centroid energy, ECEN, of the IVGDR is plotted in Figure 68 as a function of 
the symmetry energy coefficient, J. We obtained a weak correlation between the 
calculated values of ECEN and J with C ~ -0.39. Next, we plot in Figure 69 the centroid 
energy as a function of the enhancement coefficient of the EWSR for the IVGDR, κ. We 
find a strong correlation between the calculated values of ECEN and κ (Pearson linear 
correlation coefficient C ~ 0.80). As can be seen from the figure, most of the calculated 
results are below the experimental data for 44Ca, 56,60Ni and 64Zn. Conversely, for 54Fe 
and 68Zn, good agreement is found between theory and experiment for interactions 
associated with κ as low as 0.1 while for 58,68Ni interactions with κ = 0.25 - 0.7 give the 
closest results to the experimental values. Overall, we conclude that a range of κ = 0.25 - 
0.7 is the best at reproducing most of the data, in agreement with Chapter III. In Figure 
70 we plot the centroid energy as a function of the effective mass, m*/m. A medium 
correlation is obtained between the calculated values of ECEN and m*/m (C ~ -0.62). 
Table 13 shows all the calculated Pearson linear correlation coefficients between the 
centroid energy of the IVGDR and NM properties. For completeness we show in Table 
35 of the Appendix the calculated centroid energies for this giant resonance. 
 In Figure 67c the IVGDR centroid energies of 44Ca, 54Fe and 64,68Zn are plotted 
as a function of their mass. We find a decreasing value for the centroid energy as the 
mass increases, with the experimental value for 64Zn slightly higher than that of 54Fe. In 
Figure 67d the centroid energies of the Ni isotopes are plotted as a function of mass. The 





Figure 68 IVGDR ECEN with J in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 51 
but for the IVGDR centroid energy as a function of the symmetry energy at saturation 
density. Weak correlation is obtained between the calculated values of ECEN and J, with a 





Figure 69 IVGDR ECEN with κ in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 51 
but for the IVGDR centroid energy as a function of the enhancement coefficient of the 
EWSR for the IVGDR. A strong correlation is obtained between the calculated values of 





Figure 70 IVGDR ECEN with m*/m in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to 
Figure 51 but for the IVGDR centroid energy as a function of the effective mass. A 
medium correlation is obtained between the calculated values of ECEN and m*/m, with a 






decrease from there. Experimentally on the other hand, the centroid energies of 56,58,60Ni 
are all around 20.5 MeV while 68Ni is substantially lower. 
 
 
Isovector Giant Quadrupole Resonance 
The centroid energy, ECEN, of the IVGQR is plotted in Figure 71 as a function of 
the symmetry energy coefficient, J. No experimental data is available. The interactions 
predict the centroid energy to fall between 25 - 35 MeV. Weak correlation is found 
between the calculated values of ECEN and J with a calculated Pearson linear correlation 
coefficient C ~ -0.38. We do not find any correlation between the centroid energies and 
the first or the second derivative of J (C ~ -0.34 and C ~ -0.17, respectively). We show, 
in Figure 72, the centroid energy as a function of the enhancement coefficient, κ, of the 
EWSR for the IVGDR. We obtained a strong correlation between the calculated values 
of ECEN and κ (Pearson linear correlation coefficient C ~ 0.81). In Figure 73 we plotted 
ECEN  as a function of the effective mass, m*/m, we determined a medium correlation (C 
~ -0.73) between the calculated values of ECEN and m*/m. As can be seen from Table 13, 
no correlation is found between the calculated values of ECEN and the remaining NM 
properties we considered. For completeness we show in Table 36 of the Appendix the 
calculated centroid energies for this giant resonance. 
In Figure 67e the centroid energies of 44Ca, 54Fe and 64,68Zn are plotted as a 




centroid energy as the mass increases for most interactions. A similar result is obtained 
for the Ni isotopes shown in Figure 67f.  
 
 
Figure 71 IVGQR ECEN with J in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 51 
but for the IVGQR centroid energy as a function of the symmetry energy at saturation 
density. Weak correlation is obtained between the calculated values of ECEN and J, with a 





Figure 72 IVGQR ECEN with κ in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 51 
but for the IVGQR centroid energy as a function of the enhancement coefficient of the 
EWSR for the IVGDR. A strong correlation is obtained between the calculated values of 





Figure 73 IVGQR ECEN with m*/m in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to 
Figure 51 but for the IVGQR centroid energy as a function of the effective mass. A 
medium correlation is obtained between the calculated values of ECEN and m*/m, with a 







Isovector Giant Octupole Resonance 
The centroid energy, ECEN, of the IVGOR is plotted as a function of the 
symmetry energy coefficient, J, in Figure 74. No experimental data is available in this 
case. The calculations fall between 34 - 43 MeV. We do not find any correlation 
between the calculated values of ECEN and J with a Pearson linear correlation coefficient 
C ~ -0.29. Similarly, we do not find any correlation between the centroid energies and 
the first or the second derivative of J (C ~ -0.18 and C ~ 0.01, respectively). We plot the 
centroid energy as a function of the enhancement coefficient, κ, of the EWSR for the 
IVGDR in Figure 75. A medium correlation was obtained between the calculated values 
of ECEN and κ (C ~ 0.79). In Figure 76 we demonstrate the strong correlation (C ~ -0.82) 
between the centroid energy and the effective mass. No other correlations are found 
between the centroid energy and other NM properties, see Table 13. For completeness 
we show in Table 37 of the Appendix the calculated centroid energies for this giant 
resonance. 
In Figure 67e the centroid energies of 44Ca, 54Fe and 64,68Zn are plotted as a 
function of their mass for the IVGOR while the Ni isotopes are shown in Figure 67h. In 
both figures we find that the value of the centroid energy decreases slowly as the mass 
increases. However, we note that for the Ni isotopes some interactions predicted the 





Figure 74 IVGOR ECEN with J in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 51 
but for the IVGOR centroid energy as a function of the symmetry energy at saturation 
density. Weak correlation is obtained between the calculated values of ECEN and J, with a 





Figure 75 IVGOR ECEN with κ in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to Figure 51 
but for the IVGOR centroid energy as a function of the enhancement coefficient of the 
EWSR for the IVGDR. A strong correlation is obtained between the calculated values of 





Figure 76 IVGOR ECEN with m*/m in 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. Similar to 
Figure 51 but for the IVGOR centroid energy as a function of the effective mass. A 
strong correlation is obtained between the calculated values of ECEN and m*/m, with a 







We have presented results of spherical Hartree-Fock based Random Phase 
Approximation (HF-RPA) calculations for centroid energies of isoscalar and isovector 
giant resonances of multipolarity L = 0 - 3. We adopted 33 different Skyrme-type 
effective nucleon-nucleon interactions covering a wide range of values of properties of 
nuclear matter, see Table 1 and Table 3 for details. In this chapter we focused our 
attention on the isotopes of 44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni and compared with the 
recent experimental data to further investigate the disagreement with theoretical results 
obtained using only the KDE0v1 interaction [24,25]. We obtained good agreement 
between the calculated results and the experimental data for the ISGMR, ISGQR and 
IVGDR for some of the Skyrme interactions considered but not for the ISGDR and 
ISGOR. In agreement with Chapter III we found from the IVGDR that interactions 
associated with κ = 0.25 - 0.70 reproduce the data. 
We also studied the sensitivity of the calculated values of the centroid energy of 
each giant resonance to each nuclear matter property, see Table 13. We found that the 
magnitude of the correlations obtained in this chapter were slightly lower than those of 
Chapter III and IV.  
We note that in some cases, where the single-particle energies are very close to 
each other, we couldn’t obtain a unique orbital configuration valid across all 
interactions. Therefore, when carrying out the calculations we chose to use the 






SUMMARY AND CONCLUSIONS 
 
 
 We have presented results of spherical Hartree-Fock based Random Phase 
Approximation calculations for isoscalar and isovector resonances of multipolarity L = 0 
- 3 in the isotopes of 40,44,48Ca, 54Fe, 64,68Zn 56,58,60,68Ni, 90,92,94Zr, 92,94,96,98,100Mo,116Sn, 
144Sm and 208Pb. In our calculations we adopted 33 different Skyrme-type effective 
nucleon-nucleon interactions which cover a wide range of values of the properties of 
nuclear matter, see Table 1 and Table 3 for details, and compared our results with the 
experimental data shown in Table 6, Table 9 and Table 12. The goal of Chapter III was 
to determine constraints on nuclear matter properties using a wide range of nuclear 
masses while in Chapter IV and V we were mostly interested in studying the differences 
between the calculated and experimental centroid energies. In all cases we investigated 
the sensitivity of the centroid energy to nuclear matter properties by calculating the 
Pearson linear correlation coefficient. We also investigated the dependence of the 
centroid energy on the nuclear mass and the isospin asymmetry coefficient.  
We summarize our findings of Chapter III, obtained from studying the spherical 
closed-shell nuclei 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb, below: 
• We obtained strong, weak, and no correlations between the calculated values of 




compression modes of the ISGMR (C ~ 0.87), ISGDR (C ~ 0.52) and the IVGMR 
(C ~ 0.23), respectively.  
• We obtained strong correlations for the isoscalar dipole (C ~ -0.88), quadruple (C ~ 
-0.93), octupole (C ~ -0.96) and isovector octupole (C ~ -0.83) giant resonances and 
medium correlations for the isovector monopole (C ~ -0.70), dipole (C ~ -0.60) and 
quadrupole (C ~ -0.74) giant resonances between the calculated values of ECEN and 
the effective mass m*/m. 
• We obtained strong correlations between the calculated values of the centroid 
energy and the enhancement coefficient, κ, for the energy weighted sum rule of the 
isovector giant dipole resonance for all the isovector giant resonances considered 
here (C = 0.80 - 0.86). 
• We didn’t obtain any correlation between the calculated values of ECEN and the 
symmetry energy coefficient, J, or its first derivative, L, for any of the isoscalar 
giant resonances considered. 
• We obtained weak correlations between the calculated values of ECEN and Ksym, the 
second derivative of the symmetry energy, for all the isoscalar giant resonances 
considered here for both the symmetric nucleus 40Ca as well as for the asymmetric 
nuclei 48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
• We found weak to no correlations between the calculated values of ECEN and the 
symmetry energy coefficients for all the isovector resonances considered, see Table 




• Considering the results of the centroid energy of the ISGMR, ISGQR, and IVGDR 
of 40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb we find that the interactions associated 
with NM properties in the following range best reproduce the data: KNM = 210 – 240 
MeV, m*/m = 0.7 - 0.9 and κ = 0.25 - 0.70. 
The constraints on NM properties that we obtained can be used to develop the next 
generation of energy density functionals by imposing them in the fits used to determine 
the values of the parameters of the Skyrme interaction. We note that although these 
constraints may depend on the specific form of the interaction adopted, it is known that 
the centroid energy of the ISGMR is sensitive to KNM [18]. Similarly, the ISGQR is 
sensitive to the value of m*/m because the effective mass influences the spacing between 
major nuclear shells and therefore the distribution of the response function. We also 
point out that when determining the best range for the effective mass we emphasized the 
results of the heavier nuclei more. Lastly, the dependence of the centroid energy of the 
IVGDR on κ is expected from Eq. (2.58) for the isovector energy weighted sum rule 
which is given by a constant times (1+κ). 
Next, we summarize our findings for Chapter IV, where we studied the isotopes 
of 92,94,96,98,100Mo and 90,92,94Zr: 
• The disagreement between theoretical and experimental results of centroid 
energies, investigated in references [19–21], is also present for the 32 additional 
interactions we considered here. 
• For the ISGMR the centroid energy measured at Texas A&M University 




energy of 90Zr, in disagreement with the theory. 
• For the ISGMR the centroid energy measured at Osaka University (Japan) of 
92Mo and 92Zr is lower than that of 90Zr [23], in agreement with the theoretical 
calculations using interactions with KNM = 210 - 240MeV. However, more 
recently the same group published new results [91] which are best reproduced by 
interactions with KNM ~ 250 MeV. 
• For the ISGMR centroid energies of 94Zr and 98,100Mo we found the calculated 
values to be 1 – 3 MeV above the experimental result from TAMU for all 33 
interactions adopted in this work. We note that to reproduce the experimental 
values an interaction with KNM < 200 MeV would be required. 
• We obtained a strong correlation between the calculated values of ECEN and KNM 
for the ISGMR, in agreement with our results from Chapter III. However, due to 
the disagreement with the experimental data we cannot extract constraints on 
KNM. 
• For the ISGDR centroid energies of 96,100Mo and 92Zr we found the theoretical 
values to be below the experimental result by up to 4 MeV, while for the centroid 
energies of 92,94,98Mo and 90,94Zr the results of the calculations were above the 
experimental values by almost 4 MeV in some cases. 
• For the ISGQR centroid energies we found good agreement between the 
theoretical results and the experimental data, while for the ISGOR we found the 
theoretical result to be up to 8 MeV larger than the experimental data. 




experimental data, we obtained good agreement with the data for many of the 
interactions considered. 
• We obtained strong correlation between the calculated values of ECEN and κ for 
the IVGDR. Interactions with κ = 0.25 - 0.70 reproduce the data, in agreement 
with Chapter III findings. 
Lastly, we summarize our findings from Chapter V for the isotopes of 44Ca, 54Fe, 
64,68Zn and 56,58,60,68Ni: 
• For the centroid energies of the ISGMR we obtained good agreement between 
the calculated and experimental values for interactions associated with a value of 
KNM = 200 – 240 MeV, in agreement with chapter III. However, for the isotopes 
of 68Zn and 68Ni, our calculated values were 1 – 2 MeV from the experimental 
values. 
• For the ISGDR we found that the calculations result in a lower value for the 
centroid energy than the data for 44Ca, 58,60Ni, while the opposite is seen for 
64,68Zn and the other nuclei studied in chapters III and IV. 
• The experimental centroid energies of the ISGQR in 44Ca and 54Fe were obtained 
in good agreement with results of interactions associated with m*/m = 0.6 – 0.8. 
However, for the remaining isotopes, interactions associated with a higher value 
of m*/m reproduced the data. In particular the experimental centroid energy of 




• The calculated centroid energy of the ISGOR was obtained 2 – 7 MeV above the 
experimental data, available for 58,68Ni, similar to the nuclei of Chapters III and 
IV. 
• The calculated centroid energy of the IVGDR was below the experimental data 
of 44Ca 56,60Ni and 64Zn for most of the interactions adopted here. However, for 
54Fe and 68Zn the experimental centroid energy was reproduced by interactions 
with a value of κ as low as 0.1, while for 58,68Ni interactions with κ = 0.25 – 0.7 
gave the closest results to the experimental value. 
• For the correlations between the calculated values of the centroid energy and the 
incompressibility coefficients of nuclear matter for the ISGMR, ISGDR and 
IVGMR we found medium, weak and no correlations, respectively, slightly 
lower than the correlations obtained for the other sets of nuclei considered in 
chapter III and IV. 
• We obtained strong correlations between the calculated values of the centroid 
energy and the effective mass for the ISGDR, ISGQR, ISGOR, IVGOR while 
medium correlations were found for the IVGMR, IVGDR, IVGQR.  
• We obtained strong correlations between the calculated values of the centroid 
energy and the enhancement coefficient, κ, of the EWSR for the IVGDR for the 
IVGMR, IVGDR and IVGQR while medium correlations were found for the 
IVGOR, all slightly less than chapter III and IV. 
• For the centroid energy of the IVGDR we found that interactions with κ = 0.25 - 




• For the correlations between the calculated values of the centroid energy and the 
symmetry energy coefficients J, L and Ksym we found at most weak correlations. 
We note that the magnitude of the Pearson linear correlations coefficients obtained for 
this set of nuclei was slightly lower than those of Chapter III and IV.  
 We could not reproduce the experimental centroid energy of the ISGMR for 
68Zn, 68Ni, 94Zr and 92,98,100Mo with any of the interactions considered in this work. 
Further investigation is required into the issue. In particular, we recommend repeating 
the analysis of the experimental cross-section data [38,82] by replacing the semi-
classical transition densities in the folding-model distorted wave Born approximation 
with the calculated HF-RPA microscopic transition densities. Another possibility is to go 
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Table 14 ISGMR ECEN (in MeV) for 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
ISGMR 40Ca 48Ca 68Ni 90Zr 116Sn 144Sm 208Pb 
SGII 21.48 20.76 18.71 17.93 16.39 15.19 13.59 
KDE0 21.31 20.31 18.62 17.99 16.54 15.46 13.78 
KDE0v1 21.25 20.22 18.56 18.01 16.51 15.42 13.78 
SKM* 20.72 20.25 18.27 17.64 16.15 15.08 13.40 
Sk255 22.25 20.99 19.33 18.78 17.23 16.09 14.24 
SkI3 22.67 22.68 20.08 19.65 17.82 16.73 14.93 
SkI4 22.36 21.34 19.67 18.98 17.43 16.21 14.49 
SkI5 22.75 21.90 19.82 19.22 17.52 16.43 14.50 
SV-bas 21.57 20.82 18.89 18.35 16.84 15.67 14.02 
SV-min 21.05 20.28 18.46 17.86 16.40 15.29 13.63 
SV-sym32 21.53 20.77 18.86 18.30 16.78 15.65 13.89 
SV-m56-O 22.81 21.78 19.77 19.26 17.61 16.51 14.71 
SV-m64-O 22.16 21.24 19.29 18.73 17.15 16.03 14.33 
SLy4 20.87 19.83 18.34 17.72 16.32 15.28 13.67 
SLy5 21.29 20.22 18.65 17.96 16.53 15.43 13.79 
SLy6 21.34 20.63 18.77 18.16 16.64 15.57 13.91 
SkMP 21.36 21.18 18.89 18.31 16.72 15.58 13.92 
SKO 21.29 19.78 18.98 17.61 16.42 15.17 13.44 
SKO` 21.19 20.10 18.55 17.82 16.33 15.15 13.32 
LNS 21.55 21.09 18.94 18.23 16.59 15.45 13.65 
MSL0 21.02 20.24 18.60 17.91 16.46 15.34 13.67 
NRAPR 21.67 19.60 18.44 17.72 16.26 15.21 13.41 
SQMC650 20.30 20.03 17.97 17.63 16.14 15.09 13.43 
SQMC700 21.39 20.99 18.71 18.24 16.60 15.47 13.76 
SkT1 21.63 20.58 18.90 18.23 16.81 15.65 13.92 
SkT2 21.56 20.64 18.89 18.24 16.79 15.68 13.93 
SkT3 21.57 20.57 18.90 18.24 16.77 15.63 13.85 
SkT8 21.78 20.57 18.98 18.29 16.81 15.69 13.95 
SkT9 21.58 20.62 18.89 18.23 16.81 15.64 13.92 
SkT1* 21.37 20.18 18.71 18.06 16.66 15.57 13.83 
SkT3* 21.65 20.28 18.98 18.12 16.70 15.55 13.74 
Skxs20 19.85 19.42 17.46 16.99 15.53 14.42 12.90 
Z-sigma 21.77 20.79 18.92 18.49 16.89 15.83 14.10 
Exp. 19.18 19.88 21.90 17.88 15.85 15.40 13.96 






Table 15 ISGDR ECEN (in MeV) for 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
ISGDR 40Ca 48Ca 68Ni 90Zr 116Sn 144Sm 208Pb 
SGII 29.77 30.57 31.31 29.29 27.21 26.01 24.14 
KDE0 29.43 30.32 31.05 29.93 27.50 26.45 24.92 
KDE0v1 29.26 30.13 30.86 29.77 27.40 26.48 24.76 
SKM* 29.03 29.93 30.14 28.83 26.65 25.50 23.93 
Sk255 29.69 30.35 30.94 29.80 27.78 26.56 24.58 
SkI3 30.00 30.95 32.89 31.91 29.28 27.97 25.58 
SkI4 29.84 30.62 32.43 30.94 28.40 27.31 25.44 
SkI5 30.32 31.01 32.53 31.56 28.76 27.84 25.75 
SV-bas 28.89 30.07 30.37 29.02 27.02 25.82 24.02 
SV-min 28.56 29.45 29.49 28.34 26.42 25.27 23.42 
SV-sym32 28.85 30.05 30.29 28.95 26.99 25.73 23.91 
SV-m56-O 30.69 30.38 33.43 31.87 29.01 28.16 26.26 
SV-m64-O 29.90 31.14 32.73 31.01 28.18 27.23 25.56 
SLy4 29.18 29.83 30.56 29.51 27.22 26.33 24.55 
SLy5 29.50 30.20 30.79 29.65 27.44 26.56 24.72 
SLy6 29.51 30.26 31.26 29.98 27.51 26.66 25.01 
SkMP 29.43 30.66 31.41 30.05 27.58 26.18 24.56 
SKO 28.93 29.39 29.81 28.40 26.69 25.38 23.14 
SKO` 29.27 29.64 29.98 28.73 26.84 25.54 23.46 
LNS 29.92 30.57 31.39 29.90 27.80 26.26 24.68 
MSL0 29.17 29.74 30.21 28.90 27.05 25.88 23.96 
NRAPR 29.91 31.07 30.76 29.67 27.62 26.35 24.41 
SQMC650 29.37 29.49 30.39 29.03 26.74 25.66 24.32 
SQMC700 29.74 30.23 31.54 29.94 27.18 26.13 24.98 
SkT1 28.92 28.96 29.37 28.49 26.41 25.34 23.40 
SkT2 29.09 29.06 29.41 28.53 26.40 25.37 23.43 
SkT3 29.30 28.97 29.45 28.52 26.42 25.30 23.36 
SkT8 29.35 29.77 30.34 29.27 27.26 26.13 24.33 
SkT9 29.28 29.82 30.29 29.26 27.20 25.99 24.37 
SkT1* 28.53 29.20 29.21 28.29 26.26 25.19 23.23 
SkT3* 28.57 29.43 29.26 28.19 26.30 25.13 23.11 
Skxs20 28.68 28.86 29.06 27.80 25.57 24.45 22.88 
Z-sigma 29.51 30.05 31.69 30.11 27.73 26.67 25.26 
Exp. 23.36 27.30   27.40 25.50 24.51 22.20 








Table 16 ISGQR ECEN (in MeV) for 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
ISGQR 40Ca 48Ca 68Ni 90Zr 116Sn 144Sm 208Pb 
SGII 17.33 17.73 15.76 14.85 13.76 12.88 11.90 
KDE0 17.85 18.11 16.28 15.37 14.23 13.37 12.35 
KDE0v1 17.81 17.94 16.09 15.25 14.09 13.27 12.15 
SKM* 16.90 17.43 15.52 14.69 13.56 12.83 11.89 
Sk255 17.36 16.95 15.27 14.45 13.34 12.54 11.29 
SkI3 19.74 20.09 18.03 17.29 16.20 15.42 14.19 
SkI4 18.98 18.85 17.26 16.14 15.20 14.26 13.43 
SkI5 19.58 19.72 17.66 16.84 15.70 14.79 13.42 
SV-bas 16.58 16.78 14.93 14.06 12.96 12.16 11.12 
SV-min 16.22 15.86 14.57 13.75 12.67 11.98 10.91 
SV-sym32 16.67 16.65 14.88 14.05 13.04 12.16 11.14 
SV-m56-O 19.98 20.03 18.07 17.17 16.15 15.29 13.99 
SV-m64-O 19.02 19.11 17.18 16.22 15.16 14.56 13.17 
SLy4 17.72 17.79 16.15 15.19 14.11 13.33 12.51 
SLy5 17.78 17.86 16.23 15.26 14.16 13.37 12.33 
SLy6 18.08 18.48 16.52 15.65 14.48 13.65 12.54 
SkMP 18.22 17.42 16.81 15.80 14.92 13.94 12.94 
SKO 16.62 15.99 14.97 13.62 12.98 12.01 10.92 
SKO` 16.62 16.53 14.93 14.01 12.93 12.09 10.96 
LNS 15.77 15.84 16.44 15.44 14.30 13.55 12.43 
MSL0 17.03 15.47 15.42 14.57 13.55 12.79 11.57 
NRAPR 18.34 16.85 16.09 15.09 14.20 13.34 12.01 
SQMC650 17.09 16.57 15.84 14.93 14.02 13.04 12.00 
SQMC700 18.00 17.02 16.49 15.56 14.56 13.61 12.50 
SkT1 15.72 15.81 14.14 13.24 12.34 11.55 10.55 
SkT2 15.86 15.86 14.17 13.36 12.27 11.56 10.62 
SkT3 15.83 15.84 14.13 13.26 12.37 11.46 10.54 
SkT8 16.97 16.85 15.23 14.27 13.29 12.46 11.49 
SkT9 16.93 16.94 15.19 14.37 13.35 12.48 11.57 
SkT1* 15.96 15.77 14.13 13.26 12.22 11.43 10.48 
SkT3* 15.81 15.47 13.93 13.14 12.14 11.33 10.33 
Skxs20 15.81 16.40 14.46 13.73 12.58 11.84 10.90 
Z-sigma 17.89 18.15 16.27 15.23 14.19 13.31 12.64 
Exp. 17.84 18.61 15.90 14.56 13.50 12.78 10.84 








Table 17 ISGOR ECEN (in MeV) for 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
ISGOR 40Ca 48Ca 68Ni 90Zr 116Sn 144Sm 208Pb 
SGII 31.41 31.39 28.94 27.42 25.69 23.65 21.36 
KDE0 32.11 31.94 29.93 28.49 26.86 24.28 22.53 
KDE0v1 31.87 31.62 29.60 28.21 26.57 24.42 22.29 
SKM* 30.35 30.64 28.35 27.00 25.33 23.14 21.10 
Sk255 31.13 30.32 28.17 26.82 25.18 23.24 20.91 
SkI3 34.17 34.84 32.70 31.06 29.65 27.03 24.80 
SkI4 33.74 33.08 31.57 29.92 28.59 25.60 23.45 
SkI5 34.87 34.24 32.41 31.17 29.76 26.40 24.08 
SV-bas 29.89 29.78 27.36 25.89 24.34 22.47 20.31 
SV-min 29.16 29.10 26.71 25.22 23.78 21.93 19.80 
SV-sym32 29.94 29.62 27.18 25.78 24.19 22.40 20.12 
SV-m56-O 35.28 34.55 33.10 31.68 33.64 27.13 24.89 
SV-m64-O 33.88 33.57 31.44 30.10 30.90 25.74 23.54 
SLy4 31.76 31.46 29.72 28.26 26.76 24.56 22.63 
SLy5 31.90 31.57 29.79 28.36 26.84 24.53 22.65 
SLy6 32.44 32.60 30.42 28.88 27.25 24.59 22.63 
SkMP 32.22 32.61 30.58 29.19 27.56 24.78 22.68 
SKO 30.04 29.25 27.82 25.76 24.33 22.71 20.41 
SKO` 30.04 29.78 27.60 26.04 24.53 22.71 20.26 
LNS 32.44 32.45 29.95 28.36 28.12 23.98 21.92 
MSL0 30.59 30.74 28.43 26.96 26.00 23.34 21.17 
NRAPR 33.18 31.22 29.79 28.21 27.84 24.66 22.33 
SQMC650 30.41 30.95 28.59 27.40 26.06 23.71 21.72 
SQMC700 32.02 32.24 29.89 28.20 27.10 24.20 22.26 
SkT1 28.57 28.30 26.09 24.57 23.12 21.46 19.34 
SkT2 28.57 28.42 26.13 24.65 23.21 21.54 19.40 
SkT3 28.65 28.44 26.16 24.68 23.14 21.57 19.40 
SkT8 30.59 30.17 28.14 26.53 24.99 23.22 21.11 
SkT9 30.35 30.35 28.14 26.61 25.06 23.13 21.09 
SkT1* 28.62 28.21 26.05 24.48 22.96 21.38 19.26 
SkT3* 28.49 27.91 25.85 24.33 22.88 21.38 19.16 
Skxs20 28.45 29.02 26.49 25.23 23.79 21.70 19.66 
Z-sigma 31.81 32.01 29.86 28.13 26.63 24.24 22.46 
Exp.       23.10 23.30 19.80 19.60 








Table 18 IVGMR ECEN (in MeV) for 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
IVGMR 40Ca 48Ca 68Ni 90Zr 116Sn 144Sm 208Pb 
SGII 32.38 33.64 31.37 31.62 30.19 29.96 27.73 
KDE0 31.93 32.83 30.84 31.63 30.14 30.21 27.98 
KDE0v1 31.70 32.43 30.48 31.27 29.76 29.83 27.58 
SKM* 31.74 33.34 31.00 31.74 30.32 30.24 28.01 
Sk255 33.63 34.13 32.38 33.48 31.92 31.90 29.19 
SkI3 32.10 34.50 30.75 32.30 30.04 30.26 27.51 
SkI4 33.62 34.55 32.37 33.68 31.66 31.64 28.41 
SkI5 32.91 33.42 30.90 31.79 29.72 29.59 26.68 
SV-bas 32.57 33.92 31.60 32.54 30.93 30.92 28.44 
SV-min 30.84 31.74 29.24 29.99 28.30 28.22 25.82 
SV-sym32 32.61 33.92 31.51 32.66 30.94 30.93 28.22 
SV-m56-O 35.61 36.37 34.27 36.47 34.10 34.27 31.55 
SV-m64-O 35.29 35.96 33.74 35.69 33.67 34.02 31.18 
SLy4 30.51 31.01 29.51 29.92 28.68 28.64 26.66 
SLy5 30.81 31.27 29.63 30.03 28.77 28.70 26.71 
SLy6 31.35 32.46 30.30 30.86 29.35 29.35 27.16 
SkMP 32.90 34.71 32.06 33.08 31.46 31.47 29.07 
SKO 29.19 29.89 28.99 27.82 26.66 25.82 23.53 
SKO` 30.95 32.20 30.15 30.76 29.05 28.88 25.96 
LNS 33.01 33.99 31.86 32.28 30.88 30.73 28.41 
MSL0 31.16 32.39 30.35 30.93 29.55 29.37 27.05 
NRAPR 34.56 33.54 32.89 33.49 32.11 32.03 29.49 
SQMC650 31.73 33.70 31.14 32.63 31.10 31.35 29.13 
SQMC700 33.26 35.28 32.40 33.79 32.10 32.31 29.78 
SkT1 29.38 29.76 27.83 28.22 26.85 26.73 24.66 
SkT2 29.24 29.85 27.76 28.22 26.83 26.73 24.66 
SkT3 29.71 30.25 28.18 28.64 27.11 27.00 24.75 
SkT8 31.16 31.47 29.79 30.10 28.71 28.61 26.40 
SkT9 30.70 31.49 29.52 29.98 28.54 28.50 26.33 
SkT1* 29.32 29.35 27.77 28.08 26.74 26.62 24.55 
SkT3* 30.01 29.81 28.24 28.47 27.04 26.85 24.55 
Skxs20 29.32 31.15 28.02 29.52 27.80 27.99 25.84 
Z-sigma 33.49 34.75 32.80 33.63 32.21 32.41 30.31 
Exp. 31.00           26.00 








Table 19 IVGDR ECEN (in MeV) for 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
IVGDR 40Ca 48Ca 68Ni 90Zr 116Sn 144Sm 208Pb 
SGII 19.12 19.16 17.39 16.78 15.76 15.15 13.71 
KDE0 19.36 19.23 17.69 17.11 16.10 15.59 14.08 
KDE0v1 18.93 18.80 17.27 16.81 15.79 15.29 13.80 
SKM* 18.93 19.26 17.48 17.05 15.98 15.45 14.04 
Sk255 19.48 19.17 17.61 17.29 16.23 15.75 14.05 
SkI3 18.16 18.69 16.42 16.32 15.10 14.69 13.04 
SkI4 19.96 19.92 17.81 17.43 16.08 15.44 13.59 
SkI5 17.62 17.44 15.62 15.48 14.33 13.94 12.25 
SV-bas 19.72 19.78 17.87 17.45 16.30 15.62 14.17 
SV-min 17.80 17.73 15.99 15.67 14.60 14.11 12.60 
SV-sym32 19.27 19.31 17.40 17.12 15.94 15.49 13.84 
SV-m56-O 22.68 22.25 19.59 19.37 17.68 17.09 15.00 
SV-m64-O 22.34 22.11 19.63 19.29 17.72 17.11 15.20 
SLy4 18.29 18.10 16.84 16.23 15.35 14.81 13.49 
SLy5 18.22 18.07 16.82 16.21 15.31 14.78 13.45 
SLy6 18.72 18.68 17.15 16.56 15.58 15.04 13.58 
SkMP 19.18 19.77 17.60 17.35 16.18 15.66 14.06 
SKO 16.30 16.04 15.01 13.98 13.14 12.45 11.00 
SKO` 17.70 17.77 16.08 15.80 14.74 14.22 12.50 
LNS 20.23 19.40 17.98 17.21 16.28 15.69 14.16 
MSL0 18.08 18.15 16.55 16.15 15.18 14.68 13.21 
NRAPR 20.89 19.80 18.59 17.99 16.92 16.33 14.64 
SQMC650 19.47 20.02 18.11 17.89 16.74 16.22 14.78 
SQMC700 20.25 20.74 18.56 18.28 17.02 16.44 14.86 
SkT1 16.53 16.37 15.05 14.66 13.78 13.36 11.98 
SkT2 16.50 16.41 15.02 14.67 13.79 13.37 12.00 
SkT3 16.70 16.59 15.15 14.78 13.86 13.44 11.99 
SkT8 18.32 18.03 16.64 16.10 15.15 14.65 13.22 
SkT9 18.12 18.06 16.53 16.06 15.08 14.60 13.16 
SkT1* 16.59 16.28 15.04 14.61 13.79 13.31 11.94 
SkT3* 16.79 16.37 15.12 14.70 13.80 13.38 11.91 
Skxs20 17.10 17.47 15.62 15.52 14.48 13.90 12.62 
Z-sigma 22.01 22.09 20.15 19.29 18.13 17.43 15.89 
Exp. 19.80 19.50 17.10 16.83 15.67 15.30 13.40 












Table 20 IVGQR ECEN (in MeV) for 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
IVGQR 40Ca 48Ca 68Ni 90Zr 116Sn 144Sm 208Pb 
SGII 30.38 30.82 28.18 27.40 25.80 24.89 22.64 
KDE0 30.40 30.68 28.24 27.74 26.10 25.31 22.92 
KDE0v1 29.80 29.99 27.62 27.22 25.58 24.84 22.45 
SKM* 29.50 30.23 27.77 27.33 25.82 25.03 22.79 
Sk255 30.29 29.95 27.77 27.45 25.95 25.27 22.65 
SkI3 30.05 31.28 27.70 27.60 25.79 24.89 21.91 
SkI4 31.47 31.54 28.86 28.59 26.44 25.76 23.15 
SkI5 29.79 29.76 26.94 26.64 24.83 23.95 21.37 
SV-bas 30.13 30.65 27.98 27.62 25.95 25.19 22.71 
SV-min 27.87 26.26 25.52 25.20 23.57 23.01 20.60 
SV-sym32 29.80 30.01 27.34 27.11 25.52 24.75 22.25 
SV-m56-O 34.95 35.06 31.98 32.05 30.01 29.10 25.58 
SV-m64-O 34.22 34.48 31.38 31.36 29.41 28.58 25.41 
SLy4 29.22 29.25 27.23 26.60 25.13 24.32 22.28 
SLy5 29.29 29.35 27.26 26.63 25.13 24.34 22.13 
SLy6 29.95 30.34 27.82 27.23 25.59 24.77 22.35 
SkMP 30.70 31.23 28.82 28.40 26.96 25.99 23.61 
SKO 27.11 26.70 25.15 23.78 22.38 21.39 19.09 
SKO` 27.84 28.15 25.71 25.37 23.69 23.01 20.49 
LNS 26.55 26.50 28.60 27.88 26.29 25.52 23.04 
MSL0 28.62 26.17 26.78 26.27 24.84 24.08 21.77 
NRAPR 32.56 28.84 29.66 28.92 27.45 26.65 23.98 
SQMC650 29.72 30.69 28.31 28.24 26.77 26.08 23.70 
SQMC700 31.26 32.01 29.36 29.14 27.52 26.70 24.06 
SkT1 26.19 26.21 24.12 23.65 22.36 21.71 19.55 
SkT2 26.10 26.26 24.08 23.66 22.23 21.63 19.56 
SkT3 26.38 26.50 24.30 23.87 22.52 21.77 19.60 
SkT8 29.01 28.84 26.71 26.08 24.54 23.81 21.65 
SkT9 28.64 28.84 26.50 26.00 24.55 23.72 21.59 
SkT1* 26.29 26.07 24.11 23.59 22.23 21.57 19.49 
SkT3* 26.57 26.17 24.28 23.74 22.32 21.67 19.49 
Skxs20 26.45 27.48 24.68 24.64 23.07 22.52 20.22 
Z-sigma 33.59 34.03 31.50 30.62 28.99 28.01 25.93 
Exp. 31.00           22.80 











Table 21 IVGOR ECEN (in MeV) for 
40,48Ca, 68Ni, 90Zr, 116Sn, 144Sm and 208Pb. 
IVGOR 40Ca 48Ca 68Ni 90Zr 116Sn 144Sm 208Pb 
SGII 39.63 39.78 38.36 36.56 35.49 34.16 31.43 
KDE0 39.68 40.19 38.85 36.99 36.06 34.62 32.08 
KDE0v1 39.19 39.58 38.29 36.50 35.40 34.04 31.53 
SKM* 38.49 38.94 37.83 36.17 35.20 33.96 31.55 
Sk255 39.16 39.21 37.83 36.28 35.50 34.29 31.76 
SkI3 39.68 39.92 39.68 37.93 37.39 35.77 32.75 
SkI4 40.88 41.03 39.95 38.07 38.43 35.02 33.38 
SkI5 40.28 40.12 38.95 37.02 36.31 34.60 31.57 
SV-bas 39.13 39.62 38.17 36.38 35.49 34.12 31.80 
SV-min 37.36 37.63 35.92 34.19 33.08 31.55 29.65 
SV-sym32 38.90 39.58 37.61 35.83 34.93 33.64 31.39 
SV-m56-O 43.16 42.86 43.29 41.69 42.56 38.14 37.22 
SV-m64-O 42.50 42.62 42.44 40.80 40.99 39.29 36.12 
SLy4 38.75 38.93 37.78 35.94 34.92 33.56 31.16 
SLy5 38.80 38.99 37.80 35.92 34.92 33.50 31.12 
SLy6 39.53 39.64 38.58 36.56 35.64 34.07 31.52 
SkMP 40.03 40.60 39.64 37.72 37.26 36.03 33.29 
SKO 37.26 36.97 35.48 33.69 32.28 31.06 27.91 
SKO` 37.28 37.69 35.91 34.42 33.14 31.96 29.66 
LNS 40.51 40.25 39.09 37.07 36.27 34.67 31.95 
MSL0 38.04 38.26 37.06 35.31 34.40 33.05 30.46 
NRAPR 41.28 40.80 40.07 37.85 37.22 36.29 33.39 
SQMC650 38.51 39.44 38.54 37.65 36.26 35.20 32.88 
SQMC700 40.22 41.09 39.94 39.11 37.50 36.26 33.66 
SkT1 35.92 35.70 34.02 32.47 31.26 29.97 28.09 
SkT2 35.81 35.77 34.00 32.51 31.28 30.00 28.14 
SkT3 36.22 36.09 34.35 32.79 31.27 30.20 28.21 
SkT8 38.75 38.36 36.94 35.18 33.90 32.60 30.40 
SkT9 38.52 38.27 36.79 35.09 33.81 32.49 30.30 
SkT1* 35.79 35.64 34.05 32.43 30.99 29.91 27.95 
SkT3* 36.29 35.81 34.09 32.54 31.20 30.02 27.99 
Skxs20 35.81 36.40 34.92 33.68 32.16 30.98 29.47 
Z-sigma 42.51 43.66 41.71 39.48 39.19 37.57 35.08 
Exp.               








Table 22 ISGMR ECEN (in MeV) for 
92,94,96,98,100Mo and 90,92,94Zr. 
ISGMR 92Mo 94Mo 96Mo 98Mo 100Mo 90Zr 92Zr 94Zr 
SGII 18.03 18.11 17.27 17.35 17.21 17.89 17.96 17.06 
KDE0 18.20 18.28 17.50 17.53 17.31 17.96 18.03 17.23 
KDE0v1 18.19 18.24 17.45 17.51 17.26 17.97 18.04 17.21 
SKM* 17.77 17.91 17.05 17.09 16.94 17.61 17.73 16.83 
Sk255 18.86 18.93 18.00 18.17 17.90 18.73 18.79 17.97 
SkI3 19.89 19.87 18.80 18.80 18.69 19.57 19.56 18.64 
SkI4 19.17 19.19 18.42 18.36 18.04 18.93 18.93 18.12 
SkI5 19.35 19.37 18.56 18.34 18.27 19.14 19.11 18.28 
SV-bas 18.43 18.58 17.67 17.68 17.54 18.32 18.45 17.66 
SV-min 17.96 18.09 17.25 17.27 17.15 17.83 17.95 17.12 
SV-sym32 18.42 18.55 17.69 17.66 17.51 18.27 18.41 17.62 
SV-m56-O 19.46 19.45 18.65 18.58 18.33 19.18 19.17 18.34 
SV-m64-O 18.92 18.94 17.98 17.96 17.91 18.68 18.75 17.94 
SLy4 17.90 17.92 17.21 17.24 17.04 17.69 17.72 16.96 
SLy5 18.14 18.16 17.24 17.22 17.23 17.93 17.95 17.16 
SLy6 18.31 18.36 17.44 17.47 17.38 18.13 18.20 17.40 
SkMP 18.49 18.56 17.68 17.73 17.56 18.26 18.32 17.37 
SKO 17.52 17.60 16.85 16.84 17.03 17.58 17.70 16.87 
SKO` 17.90 18.00 17.26 17.28 17.18 17.79 17.87 17.13 
LNS 18.35 18.43 17.48 17.54 17.42 18.20 18.25 17.42 
MSL0 18.02 18.13 17.27 17.27 17.19 17.88 17.98 17.08 
NRAPR 17.77 17.77 17.09 17.10 17.17 17.67 17.65 16.89 
SQMC650 17.76 17.93 17.04 17.07 16.91 17.60 17.71 16.75 
SQMC700 18.38 18.49 17.56 17.62 17.42 18.20 18.31 17.47 
SkT1 18.32 18.43 17.59 17.56 17.47 18.19 18.31 17.56 
SkT2 18.34 18.45 17.61 17.59 17.47 18.21 18.30 17.57 
SkT3 18.28 18.40 17.55 17.51 17.43 18.21 18.29 17.54 
SkT8 18.39 18.46 17.54 17.59 17.48 18.25 18.33 17.50 
SkT9 18.32 18.49 17.56 17.51 17.47 18.19 18.31 17.51 
SkT1* 18.13 18.24 17.37 17.58 17.29 18.03 18.15 17.38 
SkT3* 18.14 18.24 17.38 17.53 17.29 18.09 18.18 17.43 
Skxs20 17.17 17.30 16.49 16.50 16.29 16.96 17.04 16.36 
Z-sigma 18.61 18.69 17.64 17.71 17.60 18.44 18.52 17.61 
Exp. 19.62 17.99 16.95 16.01 16.13 17.88 18.23 16.16 









Table 23 ISGDR ECEN (in MeV) for 
92,94,96,98,100Mo and 90,92,94Zr. 
ISGDR 92Mo 94Mo 96Mo 98Mo 100Mo 90Zr 92Zr 94Zr 
SGII 28.54 28.53 27.86 27.76 27.69 28.35 28.34 27.94 
KDE0 28.95 28.81 28.53 28.50 28.46 28.84 28.72 28.39 
KDE0v1 28.81 28.70 28.37 28.36 28.37 28.69 28.56 28.27 
SKM* 28.10 28.13 27.43 27.37 27.22 27.86 27.73 27.47 
Sk255 28.71 28.62 28.29 28.17 28.22 28.66 28.51 28.27 
SkI3 29.72 29.84 29.69 29.32 29.26 29.41 29.30 29.31 
SkI4 29.49 29.58 29.37 29.31 29.35 29.09 29.15 29.00 
SkI5 29.71 29.65 29.56 29.50 29.27 29.40 29.24 29.25 
SV-bas 28.14 28.20 27.74 27.65 27.59 28.07 27.98 27.63 
SV-min 27.61 27.67 27.33 27.26 27.07 27.49 27.52 27.15 
SV-sym32 28.11 28.15 27.74 27.62 27.50 28.01 27.92 27.57 
SV-m56-O 29.67 29.81 29.67 29.51 29.45 29.56 29.56 29.56 
SV-m64-O 29.58 29.49 29.15 29.03 29.09 29.29 29.19 29.02 
SLy4 28.60 28.48 28.16 28.19 28.21 28.53 28.42 28.12 
SLy5 28.81 28.67 28.41 28.42 28.40 28.63 28.62 28.33 
SLy6 29.09 28.97 28.66 28.46 28.24 28.85 28.66 28.32 
SkMP 29.03 29.14 28.26 28.27 28.32 28.77 28.73 28.42 
SKO 27.50 27.47 27.09 27.00 27.07 27.60 27.52 27.38 
SKO` 27.92 27.97 27.69 27.49 27.22 27.85 27.84 27.45 
LNS 28.96 28.95 28.56 28.51 28.40 28.83 28.79 28.30 
MSL0 28.12 28.18 27.70 27.79 27.45 27.91 27.91 27.55 
NRAPR 29.00 28.81 28.45 28.34 28.48 28.83 28.63 28.20 
SQMC650 28.16 28.11 27.58 27.55 27.29 27.92 27.83 27.52 
SQMC700 28.84 28.99 28.56 28.56 28.39 28.70 28.64 28.33 
SkT1 27.50 27.54 27.27 27.15 27.08 27.58 27.60 27.39 
SkT2 27.53 27.55 27.30 27.18 27.09 27.56 27.60 27.37 
SkT3 27.47 27.49 27.35 27.26 27.10 27.55 27.65 27.35 
SkT8 28.23 28.18 27.83 27.77 27.84 28.35 28.20 27.83 
SkT9 28.19 28.20 27.82 27.81 27.84 28.17 28.04 27.75 
SkT1* 27.53 27.55 27.29 27.22 27.15 27.46 27.53 27.19 
SkT3* 27.45 27.46 27.22 27.14 27.11 27.39 27.51 27.19 
Skxs20 27.28 27.23 26.85 26.71 26.59 26.95 26.91 26.52 
Z-sigma 28.91 28.82 28.50 28.58 28.49 28.87 28.77 28.27 
Exp. 27.60 26.50 30.00 27.40 30.10 27.40 30.00 27.00 








Table 24  ISGQR ECEN (in MeV) for 
92,94,96,98,100Mo and 90,92,94Zr. 
ISGQR 92Mo 94Mo 96Mo 98Mo 100Mo 90Zr 92Zr 94Zr 
SGII 15.04 15.02 14.35 14.34 14.31 14.86 14.83 14.18 
KDE0 15.56 15.55 14.90 14.88 14.87 15.38 15.41 14.67 
KDE0v1 15.44 15.44 14.78 14.77 14.76 15.27 15.28 14.56 
SKM* 14.86 14.93 14.32 14.32 14.21 14.70 14.76 14.13 
Sk255 14.63 14.65 13.93 13.89 13.92 14.46 14.45 13.75 
SkI3 17.66 17.59 16.38 16.41 16.27 17.37 17.34 16.09 
SkI4 16.45 16.41 15.63 15.60 15.52 16.15 16.22 15.39 
SkI5 17.11 17.05 16.17 16.13 16.08 16.88 16.86 15.89 
SV-bas 14.29 14.29 13.67 13.68 13.66 14.06 14.15 13.49 
SV-min 13.92 13.98 13.44 13.35 13.34 13.76 13.75 13.20 
SV-sym32 14.19 14.20 13.65 13.59 13.55 14.06 14.05 13.45 
SV-m56-O 17.50 17.52 16.62 16.57 16.53 17.21 17.28 16.36 
SV-m64-O 16.50 16.58 15.75 15.77 15.69 16.24 16.32 15.51 
SLy4 15.41 15.43 14.77 14.77 14.76 15.20 15.22 14.56 
SLy5 15.46 15.52 14.79 14.85 14.84 15.27 15.29 14.56 
SLy6 15.84 15.83 15.13 15.13 15.10 15.66 15.67 14.93 
SkMP 16.07 16.06 15.13 15.12 15.00 15.82 15.89 14.87 
SKO 13.75 13.79 13.24 13.13 13.14 13.64 13.68 13.11 
SKO` 14.11 14.13 13.56 13.45 13.46 14.02 14.02 13.32 
LNS 15.63 15.62 14.96 14.93 14.85 15.46 15.44 14.74 
MSL0 14.70 14.78 14.08 14.02 14.04 14.58 14.57 13.90 
NRAPR 15.25 15.22 14.57 14.51 14.59 15.10 15.08 14.38 
SQMC650 15.10 15.20 14.46 14.45 14.33 14.94 14.96 14.18 
SQMC700 15.74 15.76 14.89 14.92 14.77 15.57 15.56 14.69 
SkT1 13.49 13.52 12.93 12.86 12.92 13.25 13.36 12.72 
SkT2 13.50 13.60 13.03 12.96 12.94 13.37 13.38 12.77 
SkT3 13.45 13.56 12.97 12.90 12.95 13.27 13.38 12.76 
SkT8 14.45 14.47 13.86 13.84 13.86 14.28 14.38 13.69 
SkT9 14.49 14.59 13.93 13.89 13.90 14.38 14.40 13.76 
SkT1* 13.44 13.45 12.88 12.87 12.87 13.26 13.25 12.66 
SkT3* 13.26 13.27 12.73 12.74 12.74 13.14 13.16 12.56 
Skxs20 13.97 14.02 13.43 13.36 13.28 13.74 13.77 13.25 
Z-sigma 15.42 15.42 14.77 14.77 14.83 15.24 15.26 14.61 
Exp. 14.51 14.55 13.85 13.85 13.60 14.56 14.35 14.49 








Table 25  ISGOR ECEN (in MeV) for 
92,94,96,98,100Mo and 90,92,94Zr. 
ISGOR 92Mo 94Mo 96Mo 98Mo 100Mo 90Zr 92Zr 94Zr 
SGII 26.16 26.15 25.74 25.69 25.56 26.07 26.04 25.53 
KDE0 27.16 27.15 26.44 26.40 26.31 27.21 27.17 26.59 
KDE0v1 26.99 27.01 26.35 26.27 26.11 26.98 26.96 26.18 
SKM* 25.92 25.93 25.41 25.35 25.17 25.80 25.79 25.20 
Sk255 26.29 26.18 25.45 25.33 25.25 26.08 26.12 25.31 
SkI3 29.43 29.30 27.94 27.98 27.90 29.26 29.23 27.78 
SkI4 28.33 28.36 27.28 27.20 27.18 28.23 28.28 27.43 
SkI5 28.92 28.91 27.87 27.95 27.86 28.88 28.90 27.91 
SV-bas 25.38 25.27 24.67 24.53 24.45 25.29 25.23 24.58 
SV-min 24.83 24.76 24.23 24.09 23.91 24.73 24.60 24.03 
SV-sym32 25.33 25.20 24.58 24.46 24.31 25.19 25.10 24.43 
SV-m56-O 29.61 29.70 28.28 28.31 28.34 29.41 29.55 28.17 
SV-m64-O 28.47 28.43 27.65 27.60 27.51 28.28 28.38 27.43 
SLy4 27.18 27.18 26.48 26.47 26.30 27.08 27.05 26.46 
SLy5 27.15 27.17 26.50 26.47 26.36 27.14 27.12 26.32 
SLy6 27.33 27.33 26.75 26.77 26.65 27.27 27.27 26.49 
SkMP 27.60 27.59 26.93 26.91 26.83 27.52 27.55 26.81 
SKO 25.14 25.08 24.45 24.26 24.50 25.24 25.17 24.55 
SKO` 25.62 25.57 24.88 24.68 24.56 25.52 25.45 24.70 
LNS 26.93 26.90 26.34 26.30 26.13 26.88 26.84 26.13 
MSL0 26.30 26.27 25.63 25.54 25.39 26.08 26.10 25.47 
NRAPR 27.47 27.45 26.42 26.32 26.30 27.36 27.35 26.81 
SQMC650 26.45 26.46 25.89 25.90 25.74 26.48 26.44 25.77 
SQMC700 27.22 27.24 26.65 26.64 26.43 27.26 27.20 26.46 
SkT1 24.48 24.19 23.72 23.53 23.40 24.16 24.05 23.52 
SkT2 24.29 24.22 23.80 23.62 23.45 24.15 24.08 23.58 
SkT3 24.40 24.29 23.84 23.63 23.51 24.28 24.16 23.66 
SkT8 26.09 26.02 25.43 25.29 25.20 25.94 25.95 25.23 
SkT9 25.97 25.92 25.34 25.22 25.13 25.77 25.85 25.17 
SkT1* 24.23 24.17 23.65 23.45 23.34 24.12 24.01 23.47 
SkT3* 24.14 24.04 23.50 23.28 23.20 24.12 24.02 23.41 
Skxs20 24.38 24.34 23.89 23.75 23.48 24.39 24.32 23.74 
Z-sigma 26.81 26.82 26.28 26.25 26.17 26.89 26.89 26.24 
Exp. 21.80 24.60 21.40 21.50 21.51 23.10 23.90 23.6 









Table 26  IVGMR ECEN (in MeV) for 
92,94,96,98,100Mo and 90,92,94Zr. 
IVGMR 92Mo 94Mo 96Mo 98Mo 100Mo 90Zr 92Zr 94Zr 
SGII 31.71 31.56 30.86 30.73 30.71 31.71 31.54 30.83 
KDE0 31.77 31.57 30.83 30.67 30.77 31.72 31.55 30.76 
KDE0v1 31.41 31.27 30.52 30.35 30.44 31.36 31.22 30.44 
SKM* 31.84 31.70 31.08 30.93 30.91 31.82 31.68 31.05 
Sk255 33.70 33.57 32.67 32.50 32.51 33.60 33.48 32.57 
SkI3 32.62 32.50 31.44 31.37 31.38 32.36 32.23 31.18 
SkI4 33.97 33.93 32.64 32.54 32.65 33.75 33.69 32.37 
SkI5 32.07 31.98 30.85 30.75 30.79 31.84 31.73 30.57 
SV-bas 32.59 32.45 31.77 31.59 31.59 32.64 32.48 31.76 
SV-min 30.06 29.89 29.29 29.11 29.06 30.11 29.94 29.32 
SV-sym32 32.76 32.63 31.89 31.74 31.66 32.79 32.63 31.88 
SV-m56-O 36.75 36.70 34.92 34.92 35.11 36.53 36.65 34.94 
SV-m64-O 35.94 35.93 34.62 34.60 34.77 35.77 35.78 34.43 
SLy4 30.07 29.89 29.31 29.15 29.26 30.01 29.87 29.22 
SLy5 30.16 30.00 29.41 29.25 29.36 30.12 29.97 29.32 
SLy6 30.97 30.79 30.11 29.97 30.02 30.90 30.73 30.00 
SkMP 33.37 33.23 32.32 32.29 32.24 33.18 33.03 32.15 
SKO 27.82 27.68 27.03 26.85 27.03 27.97 27.83 27.18 
SKO` 30.93 30.78 30.02 29.84 29.84 30.89 30.74 29.97 
LNS 32.38 32.23 31.54 31.43 31.40 32.36 32.18 31.49 
MSL0 31.06 30.97 30.29 30.16 30.15 31.06 30.95 30.25 
NRAPR 33.71 33.52 32.43 32.27 32.44 33.62 33.46 32.26 
SQMC650 32.79 32.67 32.00 31.92 31.84 32.69 32.60 31.90 
SQMC700 33.95 33.82 32.93 32.81 32.78 33.87 33.76 32.85 
SkT1 28.27 28.14 27.70 27.50 27.48 28.33 28.19 27.69 
SkT2 28.28 28.13 27.68 27.51 27.48 28.33 28.20 27.72 
SkT3 28.70 28.55 28.06 27.87 27.80 28.76 28.61 28.05 
SkT8 30.21 30.05 29.43 29.26 29.30 30.19 30.07 29.40 
SkT9 30.05 29.89 29.31 29.13 29.19 30.06 29.94 29.32 
SkT1* 28.17 28.03 27.56 27.39 27.39 28.21 28.06 27.55 
SkT3* 28.54 28.38 27.85 27.68 27.68 28.59 28.45 27.87 
Skxs20 29.75 29.49 28.96 28.78 28.68 29.67 29.49 28.96 
Z-sigma 33.71 33.49 32.56 32.39 32.61 33.73 33.56 32.63 
Exp.                 








Table 27 IVGDR ECEN (in MeV) for 
92,94,96,98,100Mo and 90,92,94Zr. 
IVGDR 92Mo 94Mo 96Mo 98Mo 100Mo 90Zr 92Zr 94Zr 
SGII 16.69 16.58 16.06 16.02 15.88 16.78 16.65 16.09 
KDE0 17.05 16.96 16.31 16.24 16.14 17.11 16.99 16.24 
KDE0v1 16.75 16.63 16.04 15.95 15.87 16.81 16.68 15.91 
SKM* 16.97 16.89 16.39 16.33 16.18 17.05 16.93 16.35 
Sk255 17.28 17.20 16.45 16.39 16.32 17.29 17.19 16.26 
SkI3 16.37 16.29 15.43 15.42 15.28 16.32 16.22 15.35 
SkI4 17.44 17.33 16.24 16.19 16.11 17.43 17.32 16.17 
SkI5 15.53 15.45 14.49 14.46 14.42 15.48 15.35 14.41 
SV-bas 17.32 17.24 16.67 16.60 16.45 17.45 17.29 16.67 
SV-min 15.56 15.48 14.95 14.85 14.73 15.67 15.54 14.90 
SV-sym32 17.05 16.94 16.34 16.24 16.11 17.12 16.97 16.28 
SV-m56-O 19.37 19.26 17.94 17.87 17.80 19.37 19.21 17.87 
SV-m64-O 19.21 19.09 18.10 18.02 17.89 19.29 19.11 18.09 
SLy4 16.15 16.08 15.52 15.44 15.39 16.23 16.09 15.21 
SLy5 16.14 16.06 15.48 15.45 15.32 16.21 16.06 15.32 
SLy6 16.49 16.37 15.82 15.76 15.65 16.56 16.42 15.83 
SkMP 17.36 17.28 16.59 16.57 16.42 17.35 17.22 16.52 
SKO 13.82 13.74 13.07 13.04 13.10 13.98 13.84 13.29 
SKO` 15.74 15.67 14.93 14.84 14.76 15.80 15.67 14.84 
LNS 17.15 17.04 16.50 16.49 16.36 17.21 17.07 16.30 
MSL0 16.11 16.02 15.42 15.39 15.30 16.15 16.04 15.34 
NRAPR 17.89 17.78 16.93 16.85 16.82 17.99 17.82 16.89 
SQMC650 17.84 17.77 17.18 17.14 16.98 17.89 17.78 17.19 
SQMC700 18.25 18.16 17.45 17.44 17.27 18.28 18.15 17.42 
SkT1 14.54 14.51 14.03 13.94 13.85 14.66 14.52 14.05 
SkT2 14.60 14.48 14.04 13.97 13.89 14.67 14.54 14.05 
SkT3 14.69 14.60 14.08 13.99 13.96 14.78 14.65 14.12 
SkT8 16.00 15.88 15.35 15.28 15.18 16.10 15.96 15.03 
SkT9 15.96 15.87 15.31 15.25 15.16 16.06 15.94 15.22 
SkT1* 14.52 14.42 13.93 13.89 13.81 14.61 14.49 13.99 
SkT3* 14.57 14.50 13.99 13.89 13.82 14.70 14.60 14.02 
Skxs20 15.49 15.38 14.87 14.79 14.67 15.52 15.40 14.86 
Z-sigma 19.12 19.02 18.41 18.33 18.21 19.29 19.14 18.44 
Exp. 16.90 16.40 16.20 15.80 15.70 16.83 16.27 16.2 








Table 28 IVGQR ECEN (in MeV) for 
92,94,96,98,100Mo and 90,92,94Zr. 
IVGQR 92Mo 94Mo 96Mo 98Mo 100Mo 90Zr 92Zr 94Zr 
SGII 27.39 27.24 26.77 26.52 26.33 27.48 27.30 26.97 
KDE0 27.78 27.61 27.18 27.02 26.85 27.78 27.61 27.19 
KDE0v1 27.25 27.08 26.70 26.51 26.38 27.28 27.08 26.63 
SKM* 27.36 27.22 26.74 26.69 26.35 27.39 27.24 26.96 
Sk255 27.50 27.35 26.96 26.78 26.65 27.50 27.34 26.91 
SkI3 27.80 27.70 27.04 26.92 26.71 27.63 27.54 26.83 
SkI4 28.69 28.54 27.72 27.57 27.41 28.62 28.39 27.56 
SkI5 26.81 26.65 25.98 25.86 25.72 26.66 26.48 25.72 
SV-bas 27.58 27.41 27.11 26.92 26.71 27.67 27.47 27.14 
SV-min 25.18 25.03 24.71 24.55 24.35 25.27 25.10 24.77 
SV-sym32 27.12 26.95 26.62 26.43 26.23 27.16 27.00 26.62 
SV-m56-O 31.93 31.72 30.69 30.55 30.44 32.08 31.54 30.53 
SV-m64-O 31.26 31.07 30.30 30.13 29.97 31.39 30.98 30.24 
SLy4 26.65 26.47 26.14 25.98 25.87 26.69 26.52 26.10 
SLy5 26.67 26.50 26.16 25.97 25.83 26.69 26.50 26.11 
SLy6 27.23 27.05 26.65 26.46 26.26 27.27 27.07 26.67 
SkMP 28.57 28.41 27.96 27.82 27.54 28.44 28.28 27.85 
SKO 23.69 23.55 23.21 23.01 22.76 23.89 23.74 23.36 
SKO` 25.39 25.24 24.81 24.62 24.51 25.43 25.28 24.82 
LNS 27.85 27.70 27.30 27.15 26.96 27.92 27.73 27.35 
MSL0 26.32 26.19 25.86 25.71 25.56 26.34 26.21 25.85 
NRAPR 28.91 28.74 28.21 28.04 28.01 28.99 28.78 28.25 
SQMC650 28.32 28.17 27.81 27.68 27.50 28.31 28.16 27.87 
SQMC700 29.19 29.02 28.60 28.44 28.17 29.19 29.00 28.58 
SkT1 23.64 23.48 23.26 23.08 22.94 23.71 23.56 23.30 
SkT2 23.64 23.51 23.29 23.13 22.97 23.72 23.57 23.30 
SkT3 23.85 23.71 23.42 23.26 23.13 23.93 23.78 23.47 
SkT8 26.06 25.91 25.58 25.39 25.28 26.14 25.98 25.60 
SkT9 25.98 25.84 25.53 25.34 25.22 26.06 25.90 25.54 
SkT1* 23.57 23.45 23.21 23.02 22.89 23.68 23.54 23.24 
SkT3* 23.68 23.54 23.24 23.09 22.96 23.83 23.67 23.36 
Skxs20 24.74 24.57 24.32 24.15 23.93 24.75 24.59 24.30 
Z-sigma 30.53 30.33 30.03 29.86 29.66 30.68 30.49 30.13 
Exp.                 










Table 29 IVGOR ECEN (in MeV) for 
92,94,96,98,100Mo and 90,92,94Zr. 
IVGOR 92Mo 94Mo 96Mo 98Mo 100Mo 90Zr 92Zr 94Zr 
SGII 36.09 35.90 35.54 35.38 34.89 36.12 35.98 35.64 
KDE0 36.61 36.32 36.01 35.72 35.55 36.52 36.24 35.94 
KDE0v1 36.03 35.81 35.53 35.20 35.05 36.01 35.70 35.39 
SKM* 35.61 35.55 35.20 35.10 34.66 35.68 35.53 35.25 
Sk255 35.79 35.63 35.22 35.02 34.90 35.78 35.54 35.19 
SkI3 36.49 36.55 36.09 36.06 35.94 37.18 36.98 36.92 
SkI4 37.43 37.36 36.78 36.67 36.53 37.46 37.19 36.66 
SkI5 36.52 36.36 36.14 36.00 36.01 36.52 36.28 35.88 
SV-bas 35.79 35.59 35.27 35.16 34.79 35.89 35.71 35.39 
SV-min 33.52 33.40 33.01 32.90 32.53 33.63 33.45 33.10 
SV-sym32 35.24 35.12 34.74 34.64 34.32 35.35 35.18 34.84 
SV-m56-O 39.88 39.64 39.23 39.00 39.15 40.53 39.50 38.95 
SV-m64-O 39.79 39.61 39.04 38.87 38.80 40.40 39.44 38.95 
SLy4 35.50 35.23 34.97 35.21 35.03 35.44 35.17 34.89 
SLy5 35.59 35.32 35.06 35.28 35.07 35.42 35.25 34.95 
SLy6 36.27 35.94 35.65 35.40 35.24 36.27 35.94 35.62 
SkMP 37.45 37.39 36.85 36.48 36.11 37.30 37.13 36.75 
SKO 32.67 32.48 32.01 31.86 31.68 32.94 32.70 32.33 
SKO` 33.78 33.63 33.22 32.97 32.84 33.85 33.69 33.27 
LNS 36.54 36.37 36.01 35.89 35.60 36.65 36.44 36.05 
MSL0 34.87 34.71 34.44 34.21 34.02 34.87 34.71 34.35 
NRAPR 37.40 37.07 36.69 36.59 36.61 37.55 37.26 36.84 
SQMC650 36.52 36.37 36.08 35.98 35.72 36.49 36.28 36.09 
SQMC700 37.69 37.57 37.18 37.13 36.70 37.71 37.50 37.22 
SkT1 32.06 31.58 31.30 31.13 30.93 31.88 31.69 31.38 
SkT2 31.81 31.60 31.34 31.16 30.94 31.92 31.73 31.42 
SkT3 32.07 31.87 31.56 31.38 31.16 32.21 31.99 31.66 
SkT8 34.66 34.46 34.10 33.90 33.70 34.66 34.40 34.13 
SkT9 34.52 34.38 34.03 33.86 33.59 34.57 34.31 34.02 
SkT1* 31.72 31.53 31.25 31.07 30.85 31.83 31.65 31.34 
SkT3* 31.83 31.66 31.41 31.12 30.98 32.03 31.86 31.52 
Skxs20 32.86 32.68 32.27 32.15 31.87 32.99 32.65 32.33 
Z-sigma 38.87 38.67 38.38 38.14 37.98 38.94 38.72 38.34 
Exp.                 









Table 30 ISGMR ECEN (in MeV) for 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. 
ISGMR 44Ca 54Fe 56Ni 58Ni 60Ni 64Zn 68Zn 68Ni 
SGII 20.08 20.06 20.15 19.30 19.76 18.47 18.31 18.66 
KDE0 19.77 20.04 20.27 19.15 19.69 18.43 18.25 18.67 
KDE0v1 19.79 20.02 20.16 19.18 19.65 18.44 18.26 18.60 
SKM* 19.55 19.79 19.93 19.16 19.52 18.26 18.03 18.29 
Sk255 20.78 20.62 20.67 19.99 20.13 19.17 19.09 19.47 
SkI3 21.29 22.15 22.62 21.03 21.69 19.62 19.30 20.06 
SkI4 20.78 21.13 21.34 20.21 20.59 19.07 19.03 19.74 
SkI5 20.90 21.20 21.53 20.12 20.71 18.96 18.86 19.75 
SV-bas 20.47 20.58 20.60 20.07 20.14 19.29 18.93 19.05 
SV-min 20.01 20.02 20.06 19.62 19.69 18.91 18.54 18.66 
SV-sym32 20.44 20.52 20.59 20.07 20.07 19.24 18.88 19.04 
SV-m56-O 20.88 21.22 21.60 20.05 20.66 18.90 18.81 19.89 
SV-m64-O 20.51 20.73 20.95 19.82 20.30 18.77 18.65 19.38 
SLy4 19.28 19.58 19.79 18.73 19.27 18.05 17.90 18.38 
SLy5 19.71 20.00 20.15 19.13 19.66 18.39 18.20 18.67 
SLy6 19.82 20.17 20.37 19.23 19.88 18.43 18.29 18.78 
SkMP 20.10 20.58 20.91 19.71 20.23 18.52 18.31 18.90 
SKO 19.91 17.87 18.01 17.22 17.36 17.14 18.17 18.81 
SKO` 20.04 19.34 19.30 18.74 18.82 18.27 18.37 18.69 
LNS 20.37 20.50 20.61 19.65 NaN NaN NaN 19.01 
MSL0 19.81 19.61 19.67 18.96 19.24 18.27 18.26 18.61 
NRAPR 19.46 19.00 19.04 18.87 18.57 17.61 17.71 18.54 
SQMC650 19.21 19.79 19.92 19.15 19.51 18.16 17.84 18.25 
SQMC700 20.14 20.51 20.75 19.83 20.23 18.76 18.44 18.99 
SkT1 20.57 20.31 20.29 19.91 19.89 19.32 19.07 19.04 
SkT2 20.58 20.38 20.37 20.00 19.98 19.37 19.08 19.04 
SkT3 20.58 20.05 19.94 19.63 19.56 19.12 19.02 19.04 
SkT8 20.40 20.17 20.16 19.48 19.68 18.82 18.80 19.05 
SkT9 20.33 20.24 20.25 19.58 19.76 18.88 18.79 18.91 
SkT1* 20.19 19.95 19.91 19.51 19.50 19.04 18.84 18.87 
SkT3* 20.45 19.75 19.60 19.26 19.24 18.88 18.88 19.08 
Skxs20 19.04 19.28 19.38 18.83 19.01 18.19 17.68 18.10 
Z-sigma 20.28 20.48 20.56 19.57 19.95 18.89 18.82 19.03 
Exp. 19.49 19.66 19.30 19.32 18.10 18.88 16.60 21.10 








Table 31 ISGDR ECEN (in MeV) for 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. 
ISGDR 44Ca 54Fe 56Ni 58Ni 60Ni 64Zn 68Zn 68Ni 
SGII 29.80 30.66 30.92 30.33 30.24 28.14 29.13 29.52 
KDE0 28.80 30.77 31.08 30.48 30.53 28.52 29.30 29.97 
KDE0v1 28.97 30.67 31.02 30.33 30.36 28.40 29.14 29.85 
SKM* 29.46 30.10 30.33 29.95 29.95 27.90 28.81 29.20 
Sk255 29.45 30.08 30.50 29.91 29.92 28.34 29.47 29.92 
SkI3 31.50 29.92 30.50 29.13 30.29 28.63 30.15 30.76 
SkI4 29.36 31.32 31.66 31.09 30.65 28.97 30.10 30.96 
SkI5 29.95 31.36 31.70 30.95 30.98 29.17 30.01 31.06 
SV-bas 28.93 29.92 30.36 29.79 29.87 27.90 29.10 29.40 
SV-min 28.76 29.50 29.79 29.21 29.29 27.51 28.55 28.68 
SV-sym32 29.19 29.87 30.27 29.75 29.82 27.86 29.05 29.36 
SV-m56-O 30.41 31.61 31.22 31.21 31.22 28.95 30.53 31.41 
SV-m64-O 29.89 31.23 31.62 30.98 30.89 28.88 30.46 31.39 
SLy4 28.74 30.31 30.77 30.04 30.09 28.39 28.83 29.59 
SLy5 29.05 30.74 31.12 30.54 30.56 28.56 29.19 29.78 
SLy6 28.98 30.65 30.80 30.26 30.63 28.64 29.45 30.28 
SkMP 30.54 31.11 31.33 30.87 30.45 28.51 29.46 30.20 
SKO 28.84 28.60 28.53 28.00 28.10 27.42 28.06 28.91 
SKO` 28.85 29.26 29.17 28.78 28.94 27.45 28.59 29.02 
LNS 29.49 30.92 31.32 30.83 NaN NaN NaN 30.33 
MSL0 29.18 29.63 29.92 29.42 29.42 27.78 28.67 29.28 
NRAPR 28.51 30.20 30.53 29.16 29.34 28.13 29.01 29.93 
SQMC650 28.94 29.64 30.02 29.50 29.55 29.10 28.95 29.40 
SQMC700 29.73 30.71 30.86 30.53 30.23 28.23 29.45 30.39 
SkT1 28.78 29.20 29.47 28.95 28.94 27.48 28.51 28.67 
SkT2 28.82 29.30 29.60 29.05 29.06 27.54 28.55 28.70 
SkT3 28.91 29.25 29.10 28.71 28.61 27.33 28.46 28.70 
SkT8 28.96 29.88 30.08 29.55 29.47 28.06 28.97 29.37 
SkT9 29.13 29.82 30.21 29.74 29.65 27.98 28.91 29.28 
SkT1* 28.37 29.16 29.11 28.51 28.57 27.22 28.19 28.53 
SkT3* 28.47 28.82 29.31 28.47 28.44 27.11 28.15 28.57 
Skxs20 28.33 29.52 29.43 28.80 28.95 28.12 28.14 28.40 
Z-sigma 29.37 30.69 31.01 30.40 30.47 28.37 29.65 30.53 
Exp. 35.03     34.06 36.12 25.66 27.65   
Error 1.45     0.30 0.28 1.21 0.38   








Table 32ISGQR ECEN (in MeV) for 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. 
ISGQR 44Ca 54Fe 56Ni 58Ni 60Ni 64Zn 68Zn 68Ni 
SGII 15.96 17.57 17.69 17.20 17.08 17.07 15.72 15.79 
KDE0 16.84 18.21 18.34 17.98 17.72 17.91 16.41 16.32 
KDE0v1 16.72 18.05 18.18 17.77 17.59 17.74 16.26 16.13 
SKM* 15.81 17.45 17.61 17.23 17.14 17.07 15.56 15.56 
Sk255 15.81 16.84 16.97 16.49 16.35 16.47 15.31 15.31 
SkI3 19.57 21.16 21.26 19.49 18.95 20.43 18.95 18.33 
SkI4 18.58 19.34 19.51 18.25 18.66 19.00 17.66 17.31 
SkI5 18.39 20.01 20.19 19.52 19.19 19.70 18.14 17.70 
SV-bas 15.39 16.69 16.77 16.43 16.29 16.22 14.96 14.98 
SV-min 15.18 16.32 16.42 16.04 15.95 15.91 14.67 14.60 
SV-sym32 15.36 16.67 16.76 16.33 16.27 16.22 14.91 14.92 
SV-m56-O 18.81 20.42 20.62 19.98 19.57 20.19 18.55 18.13 
SV-m64-O 17.76 19.30 19.44 18.86 18.64 18.98 17.38 17.23 
SLy4 16.63 17.87 17.98 17.67 17.51 17.71 16.20 16.18 
SLy5 16.59 18.00 18.11 17.76 17.59 17.85 16.30 16.26 
SLy6 16.89 18.45 18.57 18.15 18.02 18.19 16.68 16.55 
SkMP 17.29 18.85 19.55 16.90 17.41 18.42 16.94 16.86 
SKO 15.72 14.87 14.82 14.58 14.32 14.72 14.76 14.97 
SKO` 15.76 16.16 16.19 15.94 15.60 15.80 15.05 14.98 
LNS 16.72 18.42 18.56 18.09 NaN NaN NaN 16.48 
MSL0 15.90 16.96 17.05 16.71 16.52 16.59 15.45 15.46 
NRAPR 16.71 16.98 17.12 16.69 16.50 16.85 16.00 16.11 
SQMC650 16.26 17.49 18.22 17.74 17.23 17.49 16.04 15.91 
SQMC700 16.92 18.53 19.13 18.42 18.10 17.98 16.72 16.56 
SkT1 14.86 15.54 15.61 15.39 15.24 15.30 14.23 14.18 
SkT2 14.87 15.76 15.74 15.52 15.37 15.37 14.32 14.21 
SkT3 14.87 15.45 15.50 15.33 15.02 15.17 14.30 14.17 
SkT8 15.65 16.63 16.67 16.34 16.16 16.26 15.17 15.26 
SkT9 15.74 16.78 16.90 16.57 16.34 16.49 15.27 15.22 
SkT1* 14.90 15.44 15.48 15.26 15.09 15.17 14.19 14.17 
SkT3* 14.70 15.03 15.10 14.85 14.62 14.80 14.04 13.97 
Skxs20 15.34 16.32 16.86 16.63 16.38 16.18 14.80 14.54 
Z-sigma 16.63 17.91 17.97 17.58 17.52 17.47 16.17 16.31 
Exp. 17.21 18.05 16.20 16.34 15.88 15.85 15.54 15.90 








Table 33 ISGOR ECEN (in MeV) for 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. 
ISGOR 44Ca 54Fe 56Ni 58Ni 60Ni 64Zn 68Zn 68Ni 
SGII 28.34 29.58 29.39 27.73 29.12 27.37 26.80 27.20 
KDE0 28.88 30.67 30.47 28.67 30.10 28.17 27.48 28.06 
KDE0v1 28.91 30.61 30.38 28.65 30.02 28.19 27.34 28.04 
SKM* 27.70 29.27 29.15 27.76 28.94 27.17 26.60 26.84 
Sk255 27.98 29.75 29.65 27.70 28.87 27.36 26.78 27.02 
SkI3 28.37 29.88 29.73 28.03 28.49 27.02 29.01 29.67 
SkI4 30.09 31.62 31.39 29.55 30.41 28.82 29.40 29.37 
SkI5 29.42 31.43 31.59 29.03 30.71 28.60 29.58 30.06 
SV-bas 27.59 28.82 28.63 27.31 28.14 26.54 26.23 26.20 
SV-min 27.26 28.58 28.43 27.19 27.74 26.29 25.88 25.72 
SV-sym32 27.51 28.76 28.68 27.27 28.05 26.49 26.12 26.04 
SV-m56-O 29.40 31.88 31.50 29.27 30.55 28.47 29.98 30.35 
SV-m64-O 29.69 31.48 31.24 29.19 30.75 28.74 28.86 29.24 
SLy4 28.45 30.30 30.11 28.34 29.88 27.94 27.49 28.08 
SLy5 28.57 30.46 30.30 28.60 30.03 28.11 27.31 28.02 
SLy6 29.00 30.63 30.46 28.74 30.11 28.18 27.91 28.58 
SkMP 28.72 31.14 31.05 29.09 30.42 27.91 27.77 28.37 
SKO 28.09 26.45 26.23 24.93 25.86 26.45 26.17 27.13 
SKO` 28.08 29.11 28.93 27.37 28.06 26.94 26.78 26.69 
LNS 29.28 30.64 30.43 28.87 NaN NaN NaN 28.17 
MSL0 28.05 29.73 29.76 27.80 29.10 27.23 26.75 27.23 
NRAPR 28.15 29.84 29.80 27.62 29.36 28.17 28.00 28.83 
SQMC650 27.47 29.71 29.75 27.99 29.28 27.08 26.69 27.01 
SQMC700 28.46 30.98 30.87 29.04 29.97 27.78 27.65 27.86 
SkT1 26.96 27.96 27.88 26.79 27.21 25.93 25.42 25.32 
SkT2 26.98 28.04 27.90 26.88 27.34 25.91 25.47 25.28 
SkT3 27.04 28.04 27.86 26.70 27.12 25.99 25.57 25.41 
SkT8 27.75 29.43 29.36 27.60 28.75 27.39 26.80 27.11 
SkT9 27.87 29.51 29.54 27.86 28.94 27.28 26.61 26.95 
SkT1* 27.12 27.83 27.74 26.57 27.01 25.80 25.40 25.39 
SkT3* 27.04 27.34 27.21 26.10 26.51 25.61 25.30 25.34 
Skxs20 27.10 28.45 28.23 27.07 27.73 25.98 25.55 25.28 
Z-sigma 28.94 30.53 30.37 28.59 30.10 27.98 27.61 28.24 
Exp.       23.20 24.40       









Table 34 IVGMR ECEN (in MeV) for 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. 
IVGMR 44Ca 54Fe 56Ni 58Ni 60Ni 64Zn 68Zn 68Ni 
SGII 32.62 34.03 34.17 32.72 31.92 30.43 30.73 31.37 
KDE0 31.93 33.74 33.90 32.39 31.80 30.18 30.45 30.84 
KDE0v1 31.71 33.40 33.57 32.16 31.54 30.07 30.21 30.48 
SKM* 32.25 34.08 34.14 32.86 32.14 30.78 30.69 31.00 
Sk255 33.37 34.86 35.01 33.52 32.76 31.84 32.15 32.38 
SkI3 32.65 35.67 36.15 33.04 32.90 29.64 29.46 30.75 
SkI4 33.04 36.60 36.88 33.85 33.53 31.01 31.48 32.37 
SkI5 31.90 34.10 34.55 31.95 31.77 29.27 29.69 30.90 
SV-bas 32.80 34.78 34.86 33.68 32.64 31.52 31.56 31.60 
SV-min 31.11 32.65 32.60 31.60 30.68 29.59 29.49 29.24 
SV-sym32 32.81 34.89 35.02 33.81 32.78 31.61 31.55 31.51 
SV-m56-O 34.45 37.98 38.51 34.54 34.59 32.12 32.88 34.27 
SV-m64-O 34.07 37.26 37.50 34.45 34.37 31.91 32.79 33.74 
SLy4 30.40 31.87 32.01 30.79 30.34 28.72 28.98 29.51 
SLy5 30.73 32.27 32.33 31.12 30.65 29.07 29.17 29.63 
SLy6 31.30 32.91 33.08 31.60 31.13 29.34 29.68 30.30 
SkMP 32.96 35.70 36.08 33.87 33.38 30.92 31.23 32.06 
SKO 29.57 27.69 27.30 26.55 25.90 25.86 27.77 28.99 
SKO` 31.58 32.68 32.42 31.30 30.31 29.52 30.14 30.15 
LNS 33.13 34.59 34.66 33.62 NaN NaN NaN 31.86 
MSL0 31.48 32.67 32.67 31.69 30.66 29.64 30.04 30.35 
NRAPR 32.80 33.62 33.88 32.54 31.76 30.81 32.11 32.89 
SQMC650 32.42 34.68 34.84 33.33 32.75 31.21 30.96 31.14 
SQMC700 33.35 35.93 36.34 34.31 33.84 31.94 32.00 32.40 
SkT1 29.76 30.50 30.25 29.75 28.84 28.25 28.24 27.83 
SkT2 29.79 30.61 30.38 29.85 28.91 28.28 28.18 27.76 
SkT3 30.22 30.62 30.31 29.77 28.82 28.34 28.59 28.18 
SkT8 31.09 32.07 31.89 30.98 30.18 29.21 29.70 29.79 
SkT9 31.00 32.09 32.02 31.04 30.22 29.14 29.47 29.52 
SkT1* 29.39 30.09 29.86 29.38 28.47 27.95 28.10 27.77 
SkT3* 29.97 30.04 29.73 29.32 28.40 28.13 28.58 28.24 
Skxs20 30.70 32.58 32.53 31.53 30.51 29.36 28.71 28.02 
Z-sigma 33.33 35.42 35.45 33.64 32.92 31.45 32.23 32.80 
Exp.                 










Table 35 IVGDR ECEN (in MeV) for 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. 
IVGDR 44Ca 54Fe 56Ni 58Ni 60Ni 64Zn 68Zn 68Ni 
SGII 19.89 19.18 19.11 19.84 18.93 18.23 17.85 17.39 
KDE0 20.03 19.52 19.44 20.14 19.31 18.62 18.13 17.69 
KDE0v1 19.58 19.16 19.05 19.67 18.87 18.25 17.77 17.27 
SKM* 20.01 19.44 19.40 20.31 19.27 18.68 18.12 17.48 
Sk255 20.19 19.35 19.27 19.76 18.91 18.41 18.18 17.61 
SkI3 18.84 19.16 19.26 20.51 19.35 17.69 16.76 16.42 
SkI4 20.92 20.74 20.74 22.65 21.94 18.93 18.27 17.81 
SkI5 17.46 17.53 17.81 18.00 17.38 16.06 15.65 15.62 
SV-bas 20.90 20.00 19.85 20.62 19.59 19.09 18.63 17.87 
SV-min 18.58 18.00 17.83 18.36 17.60 17.03 16.61 15.99 
SV-sym32 20.37 19.65 19.52 20.27 19.26 18.69 18.18 17.40 
SV-m56-O 22.97 22.64 22.72 23.35 22.26 20.23 19.90 19.59 
SV-m64-O 23.00 22.37 22.35 23.00 21.89 20.49 20.11 19.63 
SLy4 18.71 18.36 18.28 18.90 18.33 17.59 17.19 16.84 
SLy5 18.73 18.36 18.29 18.98 18.36 17.66 17.18 16.82 
SLy6 19.21 18.83 18.75 19.33 18.68 17.87 17.46 17.15 
SkMP 20.19 19.79 20.12 21.17 20.08 18.80 18.07 17.60 
SKO 17.01 15.06 14.79 15.56 15.08 14.58 15.03 15.01 
SKO` 18.84 17.84 17.64 18.45 17.71 16.89 16.74 16.08 
LNS 20.18 19.51 19.47 20.46 NaN NaN NaN 17.98 
MSL0 18.87 18.17 18.03 18.67 17.77 17.30 17.06 16.55 
NRAPR 20.92 19.69 19.56 19.94 19.22 18.72 18.83 18.59 
SQMC650 20.83 20.32 20.33 21.29 20.15 19.65 18.89 18.11 
SQMC700 21.50 20.98 20.99 21.89 20.70 19.97 19.26 18.56 
SkT1 17.23 16.57 16.39 16.91 16.17 15.87 15.58 15.05 
SkT2 17.27 16.65 16.44 17.04 16.23 15.95 15.60 15.02 
SkT3 17.47 16.63 16.36 16.96 16.20 15.86 15.72 15.15 
SkT8 18.94 18.13 17.94 18.46 17.66 17.30 17.10 16.64 
SkT9 18.91 18.18 18.01 18.65 17.80 17.39 17.05 16.53 
SkT1* 17.14 16.43 16.25 16.66 16.01 15.74 15.51 15.04 
SkT3* 17.34 16.32 16.12 16.54 15.89 15.61 15.60 15.12 
Skxs20 18.36 18.04 17.93 18.90 17.79 17.32 16.46 15.62 
Z-sigma 23.32 22.07 21.84 22.89 21.70 21.12 20.79 20.15 
Exp. 21.63 18.94 20.91 20.41 20.41 18.77 17.18 17.10 








Table 36 IVGQR ECEN (in MeV) for 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. 
IVGQR 44Ca 54Fe 56Ni 58Ni 60Ni 64Zn 68Zn 68Ni 
SGII 30.99 30.44 30.48 29.84 29.00 28.29 28.64 28.18 
KDE0 30.96 30.78 30.77 29.99 29.01 28.53 28.82 28.24 
KDE0v1 30.36 30.23 30.19 29.44 28.54 28.03 28.24 27.62 
SKM* 30.41 30.24 30.35 29.64 29.23 28.31 28.30 27.77 
Sk255 30.28 30.07 30.14 29.45 28.85 28.15 28.32 27.77 
SkI3 31.15 29.47 29.99 29.21 28.78 28.54 28.59 27.70 
SkI4 32.14 31.77 32.21 31.13 29.85 29.83 30.02 28.86 
SkI5 29.55 29.41 29.82 28.37 27.27 26.73 27.52 26.94 
SV-bas 31.12 30.70 30.68 30.08 29.34 28.61 28.80 27.98 
SV-min 28.72 28.39 28.25 27.69 27.02 26.33 26.42 25.52 
SV-sym32 30.45 30.15 30.20 29.53 28.81 28.11 28.21 27.34 
SV-m56-O 34.73 33.46 34.43 32.83 32.20 30.65 32.67 31.98 
SV-m64-O 34.30 34.22 34.90 33.14 32.00 31.92 32.19 31.38 
SLy4 29.64 29.35 29.59 28.87 27.99 27.51 27.64 27.23 
SLy5 29.71 29.48 29.46 28.80 27.95 27.50 27.67 27.26 
SLy6 30.48 30.07 30.18 29.27 28.81 27.92 28.33 27.82 
SkMP 31.50 29.94 30.46 29.83 29.72 29.53 29.28 28.82 
SKO 27.84 24.68 24.29 24.02 23.41 23.65 25.12 25.15 
SKO` 28.99 28.01 27.78 27.27 26.38 26.01 26.60 25.71 
LNS 31.25 30.85 30.92 30.49 NaN NaN NaN 28.60 
MSL0 29.35 29.00 28.99 28.43 27.82 27.02 27.24 26.78 
NRAPR 31.73 30.77 30.90 30.08 29.54 29.05 29.71 29.66 
SQMC650 30.92 31.14 31.36 30.56 30.16 29.20 28.91 28.31 
SQMC700 32.36 32.32 32.62 31.61 30.49 30.18 30.05 29.36 
SkT1 26.93 26.52 26.26 25.91 25.31 24.74 24.79 24.12 
SkT2 26.98 26.63 26.38 26.00 25.38 24.79 24.81 24.08 
SkT3 27.29 26.60 26.31 25.92 25.28 24.79 25.03 24.30 
SkT8 29.45 28.90 28.75 28.23 27.60 26.93 27.21 26.71 
SkT9 29.35 29.00 28.85 28.33 27.59 26.94 27.11 26.50 
SkT1* 26.83 26.31 26.06 25.67 25.13 24.58 24.73 24.11 
SkT3* 27.09 26.15 25.85 25.47 24.90 24.50 24.87 24.28 
Skxs20 27.95 28.13 28.01 27.52 26.74 25.91 25.62 24.68 
Z-sigma 34.42 34.00 33.99 33.20 32.19 31.70 31.99 31.50 
Exp.                 








Table 37 IVGOR ECEN (in MeV) for 
44Ca, 54Fe, 64,68Zn and 56,58,60,68Ni. 
IVGOR 44Ca 54Fe 56Ni 58Ni 60Ni 64Zn 68Zn 68Ni 
SGII 39.25 39.48 40.00 40.47 39.32 38.04 37.61 38.36 
KDE0 39.36 39.71 40.45 39.33 39.52 38.52 37.92 38.85 
KDE0v1 38.86 39.31 39.91 38.67 39.01 37.74 37.43 38.29 
SKM* 38.30 38.71 39.54 39.13 38.70 37.63 36.98 37.83 
Sk255 38.61 38.50 39.47 39.36 38.36 37.79 36.91 37.83 
SkI3 40.47 39.68 41.14 40.57 39.80 39.63 39.07 39.68 
SkI4 41.19 40.36 41.37 41.86 40.15 41.08 40.42 39.95 
SkI5 39.28 39.53 40.85 39.54 39.70 38.61 38.00 38.95 
SV-bas 39.29 39.20 39.64 39.55 38.78 37.97 37.52 38.17 
SV-min 37.41 37.40 37.54 36.75 36.79 35.58 35.56 35.92 
SV-sym32 38.68 38.72 39.09 39.00 38.27 37.44 36.91 37.61 
SV-m56-O 42.71 42.05 43.52 39.70 42.89 39.02 43.22 43.29 
SV-m64-O 41.98 42.34 43.41 43.59 42.55 38.58 41.90 42.44 
SLy4 38.19 38.47 39.08 38.73 38.34 37.28 36.65 37.78 
SLy5 37.95 38.71 39.27 38.07 38.52 37.01 36.75 37.80 
SLy6 38.92 39.35 40.13 38.92 39.18 38.00 37.56 38.58 
SkMP 39.77 40.33 41.36 40.55 40.39 40.37 38.73 39.64 
SKO 37.79 35.07 34.67 34.26 34.02 33.76 35.31 35.48 
SKO` 37.91 36.97 37.34 36.35 36.11 35.62 35.74 35.91 
LNS 39.54 39.81 40.66 39.50 NaN NaN NaN 39.09 
MSL0 37.82 37.76 38.66 38.35 37.50 36.76 36.18 37.06 
NRAPR 41.38 39.34 40.47 41.09 39.10 39.61 38.76 40.07 
SQMC650 38.56 39.52 40.32 40.81 39.48 40.40 37.55 38.54 
SQMC700 40.06 40.81 42.05 40.94 40.80 40.30 39.17 39.94 
SkT1 35.46 35.50 35.65 34.84 34.85 33.55 33.64 34.02 
SkT2 35.50 35.59 35.48 35.30 34.93 33.60 33.66 34.00 
SkT3 35.88 35.60 35.80 35.45 34.90 33.86 33.94 34.35 
SkT8 37.80 37.77 38.42 38.02 37.33 36.08 36.14 36.94 
SkT9 37.71 37.81 38.15 38.17 37.41 36.09 36.09 36.79 
SkT1* 35.69 35.32 35.52 34.47 34.68 33.57 33.57 34.05 
SkT3* 35.75 35.41 35.39 35.42 34.48 33.62 33.80 34.09 
Skxs20 36.44 36.92 37.20 36.38 36.42 34.90 34.61 34.92 
Z-sigma 41.75 42.08 42.50 42.88 41.78 41.60 41.04 41.71 
Exp.                 
Error                 
 
